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ABSTRACT  
 
The impending environmental crisis necessitates a pressing need to develop the next 
generation energy harvesting and generating technologies, ranging from the µW to W range. 
To this effect, this thesis focuses on the development of materials, measurement and 
analysis of devices for alternate energy devices ranging from energy harvesting 
nanogenerators (µW-mW range) to fuel cells (mW-W range). The work has been carried 
out in two parts, wherein part A encompasses seedless deposition of zinc oxide (ZnO) 
nanosheets via a facile electrochemical deposition method and study of its inherent 
piezoelectric and structural properties to fabricate piezoelectric and triboelectric effect 
based nanogenerators. In part B, an in-depth comparative study of platinum catalyst loaded 
on various two-dimensional (graphene nanoplatelets, graphene oxide) and one-dimensional 
(multi-walled carbon nanotubes) carbon nanostructures was carried out for enabling 
relatively  inexpensive and stable materials for cathodic oxygen reduction reaction (ORR) 
in fuel cell applications.  
The ZnO nanosheet structures were synthesised on various conductive substrates 
using a low temperature electrochemical deposition process. The seedless deposition of 
ZnO nanosheets on Al substrates exhibited a honeycomb network like morphology with an 
additional plane of ZnO_Al.LDH with the layered double hydroxide (LDH) layer being 
highly conducive for the fabrication of piezoelectric nanogenerator (PENG) devices. The 
typical PENG devices developed using a metal/piezoelectric/metal structure with a 
ITO/ZnO_Al:LDH/Al configuration exhibited a maximum  open circuit voltage (Voc) of 
~0.7 V and a current density (JSC) of ~0.50 mAm
-2 under an applied force of 80 N. To 
enhance the output power utilising the inherent piezoelectric properties of ZnO nanosheets, 
the ZnO:Al substrates were used as a charge injection interfacial layer in a triboelectric 
nanogenerator (TENG). A typical TENG comprising of a triboelectric negative composite 
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of zinc stannate (ZnSnO3)/polyvinylidene fluoride (PVDF) blended with an interfacial ZnO 
nanosheet layer and a polyamide-6 (PA6) membrane as the triboelectric positive exhibited 
significantly higher power output than the PENG devices. The phase-inversion process for 
the synthesis of triboelectric membranes enabled a high piezoelectric coefficient for not 
only the pristine PVDF fluoropolymer membranes (d33 ~ -44 pmV
-1) but also for the 
composite ZnSnO3/PVDF/ZnO:Al membranes (d33 ~ -74 pmV
-1)  as confirmed by piezo 
force microscopy (PFM) analysis. At a comparative 80 N force, the ZnSnO3/PVDF/ZnO:Al 
vs PA-6 TENG produced significantly higher Voc and Jsc of ~625 V and ~40 mAm
-2 with a 
corresponding charge density of 100.6 μCm-2, respectively. The PFM analysis confirmed 
the interfacial dipole-dipole interactions occurring with the ferroelectric polarization of 
ZnSnO3-PVDF, promoting the alignment of polar axis of ZnO. Under the compressive 
stress during the TENG measurements, the piezoelectric potential produced in the ZnO 
nanosheets provides charge injection onto the surface of ZnSnO3-PVDF membrane, 
enhancing the charge density, which in-turn significantly enhances the power density from 
0.11 to ~1.8 W/m2. Although the energy produced using this process is dynamic in nature, 
i.e. depends on the contact release cycles, the operation and the fabrication of energy 
harvesting devices is very economical and simple, thus making both the PENG and TENG 
devices excellent candidates for realising energy harvesting and self-powered electronic 
systems. 
In the area of fuel cells, the literature points to a significant on-going debate over the 
role of carbon supports in catalysing the ORR. The electrochemical performance of pristine 
carbon supports, including graphene nanoplatelets (GNP), graphene oxide (GO) and multi-
walled carbon nanotubes (MWCNTs) for catalysing ORR in an alkaline media (0.1M 
KOH), were studied and compared in detail. Amongst these supports, the pristine MWCNTs 
displayed a promising peak reduction current densities of ~3 mA/cm2, followed by GNP ~ 
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1.5 mA/cm2 and GO ~1.0 mA/cm2. The peak reduction potentials obtained by MWCNTs is 
comparable to heteroatom N- and B-doped MWCNTs. Further a variable metallic Pt (Pt0) 
loading values ranging from 20% to 50% was achived by using microwave-assisted polyol 
process on pristine carbon supports. A Pt loading-normalised comparison of ORR current 
densities shows that Pt/MWCNTs exhibited the highest linear sweep voltammetry (LSV) 
reduction current density of ~ 900 A/g, much higher than ~ 510 A/g of the commercial Pt-
carbon black supports, followed by Pt/GNP and Pt/GO that have the LSV value of ~500 
A/g and ~200 A/g LSV, respectively. It is therefore suggested that the Pt/MWCNTs should 
be given a favourable consideration in ORR for the future development of fuel cell 
technologies. 
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CHAPTER 1  Introduction  
 
 
1.1 Introduction 
The rapid growth of human population alongside significant improvement in life 
quality, standards, urbanization and industrialization of developing countries has resulted in 
an ever-increasing demand for energy at a global scale. Recent development in technologies 
and electronics has made high-end commodities such as cars, refrigerators, TVs etc widely 
available for ordinary people. There are great demands for new houses and heating with the 
urbanization and increased industrial productivities requiring more and more energy. 
According to International Energy Agency and other sources, the demand for energy is 
projected to double up or more by 2040 to 39289 TWh [1–4]. A comparative statistical 
energy production in year 2015 (24,239 TWh) to 2040 (39,289 TWh)  is shown in Fig. 
1.1[1], [4].  It is clear that energy is “the” big issue dictating the quality of our life and 
sustainable development in the future. 
 
 
 
Fig. 1.1. Statistics of energy production from various sources in 2015 (a) and expected energy 
production in 2040 (b). (Data retrived from International Energy Agency [1], [4]) 
(a) (b) 
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Fig.  1.2. Statistics of  global electricity production from various sources in 2017 (a). (Data retrived 
from International Energy Agency [4]) 
 
It can be seen from Fig. 1.2 that the non-renewable sources such as fossil fuels: coal, 
petroleum, and natural gas are the main source for power generation. With the current 
consumption rate, the availability of the fossil fuels will significantly reduce and may 
exhaust within the next 100 years [2]. Besides, the use of fossil fuels induces harmful effects 
to the environment through greenhouse (CO2, CH4, NO2 etc) gas emission which 
consequently increases the global warming. Hence, the search for renewable energy and 
development of sustainable energy technologies has received major attention. Several 
renewable energy sources exist in our environment, such as hydraulic energy, wind energy, 
solar energy, thermal energy, wave energy and biomechanical energy etc [6]. If these 
renewable energy resources can be utilized in generating energy for use in daily life and 
industrial activities, it would avoid or reduce the detrimental impacts on natural 
environment and potential health hazards.  
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Various technologies have been developed in energy generation ranging from small 
to large scale (nW to MW) applications to harvest the renewable energy resources. At large 
scale, they can be utilized to power cars, home and industrial activities etc. which are usually 
measured in mega/giga-Watt range as shown in Fig. 1.3. The technologies involved include 
hydraulic generators, solar farm, wind turbines etc. With the advancement of wireless sensor 
technology, various sensors for infrastructure monitoring, health monitoring, medical care, 
environmental protection have been developed that have dramatically changed as the power 
required for driving each device is small, but the number devices can be huge. This world 
will be multiplied with trillions of sensor devices by 2020 as predicted by Cisco [2], [5]. At 
the other end of the scale as shown in Fig. 1.3, these devices require only a small amount of 
power such as portable electronic devices and sensor nodes in the order of milliwatt (mW) 
or even smaller  [7]. These recent development of internet of things (IoT) and sensor nodes 
have changed the traditional understanding about energy.  It can be appreciated that the 
cumulative power requirement of these billions of devices will be appreciable and 
potentially in the MW range again. To offset this power requirement, certain applications 
such as piezoelectric nanogenerators (PENG) and tribolectric nanogenerators (TENG) can 
utilize small-scale energy harvesting technologies which can be made as stand-alone 
devices with self-powering capabilities as the batteries have a limited lifetime, requiring 
periodic replacement with end-of-life recycling issues. In this respect, the small-scale 
energy harvesting and storage technologies are expected to play an ever increasing role and 
will be the main focus of this work.  
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Fig. 1.3. Magnitude of power and its corresponding applications in terms of Micro to Mega power 
[7].   
 
Many small-scale energy-harvesting technologies have been developed for these type 
of applications. Solar cells absorb sunlight and convert it into electricity [8], [9] though they 
have been widely used in large scale. Fuel cells can convert chemical energy into electricity 
[10]–[19]. Thermoelectric generators utilize wasted heat flux to produce electricity[6]; 
while PENG convert waste/ambient mechanical energy into electricity through piezoelectric 
effect [20]–[22]; and TENG convert mechanical energy into electricity through the 
combined triboelectric and electro-induction effects [5], [7], [23]–[28]. Although all these 
technologies have their own roles in the larger sustainable energy development, they have 
their own limitations. For instance, thermoelectric generators cannot work under stringent 
working condition, hence limited application; the solar cells are largely dependent on 
sunlight to work constantly and so on. Therefore, there is a necessity to improve some of 
these features. To address this issue, nanomaterials have been introduced, as with reduction 
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in size, mechanical, chemical, electrical and optical properties resulting in understanding 
the fundamental phenomena in low dimensional systems and also to enhance the 
performance of these types of energy harvesting devices.  
Nanostructured materials (such as Pt, ZnO, ZnSnO3, PVDF, TiO2, carbon nanotubes, 
graphene, graphene oxide and so on) have shown promising potential in development of 
these renewable energy due to their unique properties of large surface area, high 
conductivity etc [22], [29]–[31].  The piezoelectric nanogenerators (PENG) and 
triboelectric nanogenerators (TENG) are quite promising techniques to harvest energy in 
nano/micro scale. Through literature it is understood that the efforts for enhancing the 
conversion efficiency and output performance of PENGs and TENGs are focused as the 
open circuit voltage generated is higher but the short circuit current are quite low in the 
order of  few nano/micro amperes for PENG and micro amperes for TENG [7]. Therefore, 
to improve the efficiency of the energy harvesting PENG and TENG devices, the use of 
nanostructured materials is desirable.  
Nanostructured zinc oxide (ZnO) has received a broader attention owing to towards 
its renowned performance in electronics, optics and photonics. This is considered as a key 
technological material. It possesses attractive properties such as high electron mobility, 
wide band gap (~3.37 eV), high excitation binding energy (~60 meV) and is highly 
biocompatible. In addition to this, it possess strong piezoelectric and pyroelectric properties, 
due to the lack of a center of symmetry in wurtzite structure combined with a larger 
electromechanical coupling. This can be used in mechanical actuators, piezoelectric 
nanogenerators and piezoelectric sensors [32]–[34].  
At the other end of the scale, for larger power generation fuel cell application was 
chosen. In literature, there is contradictory evidence obscuring the clarity around which 
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nanostructured carbon support material is best suited for fuel cell application. The literature 
is awash with contradictory reports on the properties and potentials of the various pristine 
as well as Pt loaded carbon materials for oxygen reduction reaction (ORR) applications. The 
discrepancy arises from the lack of measurement standards as well variable experimental 
conditions, metal loading etc. For example, the benefits of using carbon nanotube or 
graphene-based materials for fuel cell applications are strongly disputed arising from the 
varied experimental conditions [12], [29], [35]–[38]. Hence, to study and compare the 
variety of carbon supports (multiwall carbon nanotubes, graphene oxide and graphene) as 
an electrode material including commercially available platinum loaded carbon black to 
identify the best suitable material for commercially available fuel cell application. 
 
1.2 Aim and Objectives 
 
The work aims to understand and explore the use of nanomaterials for enabling alternate 
renewable energy technologies, ranging from harvesting of ambient waste mechanical 
energy through PENG, TENG devices to fuel cells based energy generation. The specific 
objectives to achieve this aim include: 
(i) Synthesis and characterization of ZnO nanosheets/nanostructures by low-cost 
electrochemical deposition technique,  
(ii) Utilization of the as-synthesised ZnO nanostructures to develop energy harvesting 
nanogenerators based on piezoelectric and triboelectrification effects and study their output 
performance,  
(iii) Understanding the role of surface and dimensionality of the underlying carbon supports 
for catalyzing the sluggish ORR in electrochemical energy generation applications. 
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(iv) Synthesis and electrochemical measurements of Pt nanoparticles-decorated carbon 
support materials as suitable and efficient catalyst with reduced over-potential for fuel cell 
applications. 
 
1.3 Thesis Overview 
CHAPTER 2:   The chapter provides an overview of various alternative renewable 
energy resources with a focus on PENG, TENG nanogenerators and ORR for fuel cells; 
including device structures, fabrication methods and state-of-the-art performance.  
CHAPTER 3:   In this chapter, the techniques used in this work for the synthesis of 
nanomaterials and device fabrication are introduced and discussed. The characterisation 
techniques used for the analysis of the as-synthesised materials along with a brief discussion 
of their working principles is presented.  
CHAPTER 4:   The chapter presents the study to analyse the optimal growth conditions 
for ZnO nanostructure growth on various conductive substrates. Further analysis of 
structures obtained at optimal conditions is conducted to present the growth morphology of 
ZnO nanostructures by using various techniques SEM, HR-TEM, EDS, XPS, XRD and 
PFM for enhancing the piezoelectric coefficient and their use in PENG devices.  
CHAPTER 5:    The chapter presents the development of vertical contact mode TENGs 
using the synthesised ZnO nanosheets as the charge-injecting interfacial piezoelectric layer. 
The effects of the ZnO nanosheets on the output performance of the TENG devices and the 
mechanisms for enhancement of the energy harvesting capabilities of the device are further 
discussed.  
CHAPTER 6:   The chapter provides a comparative electrochemical analysis of pristine 
and Pt-loaded carbon supports for catalysing the ORR occurring in electrochemical energy 
generation devices. This was carried out to study the electrochemical response of pristine 
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as well as catalyst Pt-loaded materials, towards oxygen reduction reactions under identical 
experimental conditions. The microwave assisted polyol method has been utilized in 
synthesis of Pt loaded carbon supports and further presented a useful information regarding 
the electrochemical performance of the different types of carbon supports under identical 
experimental conditions. 
 CHAPTER 7:  The concluding chapter provides an overall detailed summary of 
conclusions from the present work and provides recommendations for the future work.  
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CHAPTER 2  Literature Review  
 
2.1 Introduction 
This review chapter actually consists of two parts, providing an overall literature 
review of the various alternative renewable energy resources. The first part provides a 
review on the state-of-the-art of piezoelectric nanogenerators and triboelectric 
nanogenerators for energy harvesting applications; while the second part considers the role 
of surface and dimensionality of underlying carbon supports, for enabling their uses in 
electrochemical-based energy devices, i.e. fuel cells, especially for the sluggish cathodic 
oxygen reduction reaction. The literature review thus covers a significant range of energy 
harvesting and generating technology ranging from microwatts to watts.    
Energy harvesting (EH) can be defined as a process which scavenges various ambient 
sources of energy in the form of mechanical motion, vibration, light, temperature 
differences etc. and converts them into electrical power with relatively small levels in the 
nW-mW range [1]–[4]. Within this range, the EH technology is considered to be a strong 
contender for enabling low-power consumption on-demand for internet of things (IoT) 
sensors, smart manufacturing, process monitoring, wearable electronics, self-powered 
systems etc. Replacement of depleted batteries, which currently power these systems 
especially for sensors deployed in inhospitable environments, is economically infeasible, 
thus development of the EH technologies is essential to warrant the enabling self-powered 
technologies. Within the domain of mechanical and vibrational energy harvesting, the 
technologies include electromagnetic, piezoelectric and more recently triboelectric 
nanogenerators.    
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2.2 Piezoelectric Nanogenerators (PENG) 
The phenomenon of piezoelectricity was discovered in 1880 by Pierre and Jacques Curie 
brothers, wherein it was observed that certain materials can generate static electric charges 
under mechanical stress. The word piezoelectric was derived from Greek word “piezen” 
meaning “to push”  [5], [6]. For energy harvesting applications, the piezoelectric materials 
have been explored extensively as the direct piezoelectric effect allows the conversion of 
mechanical vibration directly into electrical output [1]–[3]. The piezoelectric effect occurs 
only in non-centrosymmetric crystals wherein a shift of negative and positive charge centres 
occurs when a mechanical stress is applied to the piezoelectric material. The piezoelectric 
effect is explained as the linear electromechanical interaction occurring between the 
mechanical and electrical states, such that the applied stress leads to the accumulation of 
electrical charge and is defined by the following equations:  
   𝑆𝑖 = 𝑆𝑖𝑗
𝐸 𝑇𝑗 + 𝑑𝑘𝑖𝐸𝑘               (2.1) 
                           𝐷𝑖 = 𝜀𝑖𝑘
𝑇 𝐸𝑘 + 𝑑𝑖𝑗𝑇𝑗      (2.2) 
where the subscripts i, j, and k represent the 3 spatial dimensions; S and T are strain and 
stress tensors, respectively, induced by the mechanical and electrical effects; D and E are 
the electric displacement and electric field vectors; sE is the elastic compliance matrix 
evaluated at a constant electric field; d is a tensor of piezoelectric strain coefficients; 
and εT is a tensor of permittivity values evaluated at a constant stress. For centro-symmetric 
materials, they experience a symmetrical movement of the ions under stress, resulting in a 
net zero polarisation, hence no piezoelectricity can be observed for such materials. For the 
non-centrosymmetric piezoelectric crystal, when placed under a mechanical stress, a net 
dipole is formed due to the separation of the ions in the crystal structure, leading to 
polarisation. The non-centrosymmetric piezoelectric crystal includes the following 
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materials: SiO2, NaKC4H4O6·4H2O, Lead Zirconium Titanate, PZT (Pb[ZrxTi1-x]O3 0≤x≤1), 
Zinc oxide (ZnO), Barium titanate (BaTiO3) and Bismuth ferrite (BiFeO3) etc [1], [4].  
Assuming a homogeneous crystal, the polarisation is thus generated in every unit cell of the 
crystal, thereby resulting in the development of surface charge and subsequent piezoelectric 
potential on the surface of the piezoelectric crystal. Thus, the functioning mechanism of 
piezoelectric nanogenerators can be described as a transient flow of electrons being driven 
by a piezoelectric potential [4]. Considering equations 2.1 and 2.2, it can be seen that 
piezoelectric materials show an anisotropic behaviour, i.e. direction dependent properties. 
One of the most important quantifying values in determining the efficiency of a 
piezoelectric materials is the piezoelectric charge constant, dij (CN
-1. pmV-1),  which 
represents the ratio of charge density and the applied mechanical stress.  
 
Table 2.1: Comparison of common piezoelectric materials [7]. 
Material ZnO AIN PZT 
St-cut 
Quatz Sapphire GaN PVDF 
360 YX 
cut 
LiTaO3 
Density (103 
kg/m3) 
5.61 - 
5.72 
3.25 - 
3.3 7.57 2.65 3.98 
6.095 
- 6.15 1.78 7.45 
Modulus (GPa) 
110 - 
140 
300 - 
350 61 71.7 350 320 2.5 205 
Poisson's ratio 0.36 
0.22 - 
0.29 
0.27 - 
0.3 
0.17 - 
0.2 
0.23 - 
0.30 0.183 
0.33 - 
0.4 
0.17 - 
0.2 
Refractive 
Index 
1.9- 
2.0 1.96 2.4 1.46 1.76 
2.3 - 
2.5 1.42 2.18 
Piezo-constant 
D33 (pC/N) 12 
4.5 - 
6.4 
289- 
380 
2.3 
(d11) 6.4 4.5 -35 12 
Eff. coupling 
Coeff. k2 (%) 
1.5 - 
1.7 3.1 - 8 
20 - 
35 
0.1 - 
0.2 - 0.13 2.9 5 - 6.6 
Dielectric 
constant 8.66 8.5- 10 380 4.3 - - 6 8 54 
 
Now, as the piezoelectric effect arises from the crystal structures, a significant trend 
has been observed in the literature to move away from the bulk materials and devices to 
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integration of these materials in their nanoscale form in smaller devices. To this effect, a 
wide range of piezoelectric nanogenerators have been developed and demonstrated from 
materials incluing wurtzite ZnO thin films, lead zirconate titanate (PZT) nanofibres, 
BaTiO3, II-VI semiconductors including InN, CdTe, CdS and polymeric systems. In fact in 
their recent review, Chandrasekaran et al. have presented a differentiating case for pre-2006 
and post-2006 piezoelectric generators in which it was observed that for the post-2006, there 
was much more significant activities towards the use of one-, two-dimensional piezoelectric 
structures such as nanowires, nanorods, nanosheets etc [4] (see Fig. 2.1 for the roadmap 
associated with the developmental history of PENGs since 2006) [8]. This shift was largely 
driven by the following reasons:  
(i) Reduce coupling effects as piezoelectric thin films exhibited reduced piezoelectric 
coefficients;  
(ii) Enhanced sensitivity for 1-2-D materials to the smaller input mechanical force owing to 
the small dimension and large aspect ratio, allowing the formation of significant strain;  
(iii) Improved mechanical properties due to lesser crystal and lattice defects; and   
(iv)  Enhanced piezoelectric coefficient due to the flexoelectric effect, i.e. the coupling of 
strain gradient to polarisation  [1], [4], [9], [10]. 
Among the inorganic piezoelectric materials mentioned above, ZnO continues to be 
an important functional material due to its desirable electrical, optical and indeed 
piezoelectric properties. The existence of ZnO in various 1-, 2-D forms has led a plethora 
of studies in nanogenerators as the performance of the devices strongly depends on the 
structure and morphology of the materials [11], [12].  One of the earliest reports on the 
piezoelectric characterisation of ZnO nanowires was reported by Wang et al. [13], in which 
a single ZnO nanorod was strained using a conductive AFM tip. These ZnO nanowires, 
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grown using a vapour-liquid-solid (VLS) technique on a sapphire substrate had gold 
particles present on the top of the nanowire which provided a good electric contact [14].  
Wang et.al hypothesised that a Schottky contact is formed between the gold contact and 
ZnO nanowires, resulting in a measurable output voltage of ~10 mV. They proposed that, 
when weak forces are applied to ZnO nanowires, a deformation occurs causing the ZnO 
nanowire to generate a piezoelectric potential at its lower and upper ends.  
It was also suggested that the stretched side of the nanowire has a positive potential 
leading to a reverse bias with the schottky junction so that current might flow to screen the 
polarisation. On compressed side, i.e. negatively polarised portion, the junction was forward 
biased, leading to the flow of current and consequential polarisation screening. Thus, the 
metal-ZnO based Schottky barrier, ensuring charge recuperation, is a key factor for the 
current generation in PENGs [3], [15]. To further understand these results, theoretical 
models have been developed which have shown that for a ZnO nanowire surface under 
tension: (i) the maximum piezoelectric potential was directly proportional to the lateral 
displacement of the nanowire and inversely proportional to the aspect ratio and, (ii) a 
negative potential is generated on the surface under compression [3], [15] .  
Although the use of these nanostructured piezoelectric materials has increased, there 
is a need for understanding the piezoelectric effect in a nanoscale. Despite of this, a large 
number of energy harvesting devices have been fabricated and reported using piezoelectric 
nanostructures. There are substantial achievements being made in this area due to their 
ability to harvest random mechanical energy and convert them into electrical energy using 
piezoelectric nanostructured materials, which can provide environment friendly sustainable 
electric energy. 
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Some well-known piezoelectric nanostructured materials including barium titanate 
and lead zirconate titanate have also been studied for energy harvesting application. Due to 
their higher piezoelectric coefficient, the device made from these materials can generate 
high power outputs [16]. On the other hand, as zinc oxide can be synthesised relatively 
easily using low temperature growth methods, most of the studies are focused on using ZnO 
nanomaterials as it does not require poling due to its well aligned crystallographically and 
non-ferroelectric properties [17]. Using strained single ZnO nanowires was the starting 
point for obtaining the piezoelectric potential output, and many researches conducted 
utilising a  variety of ZnO nanostructured materials (nanorods, nanowires, nanoneedles, 
nanosheets, nanodisks etc.), flexible substrates, alternative materials [16], [18]–[20].  
 
 
Fig. 2.1: Roadmap for high-output piezoelectric nanogenerators since its inception in 2006 [8]. 
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Later, Alexe et al. [15] demonstrated similar voltage outputs using silicon nanowire 
array, by rapid changing impedance between tip and silicon nanowire. This provided a good 
understanding between the materials and their measurement system for output voltage 
measurement. Furthermore they presented the output voltage and current from ZnO 
nanowire arrays, which led to increase interest in this area to study piezoelectric 
nanostructured materials in energy harvesting device applications [21], [22]. Even though 
the use of vapour-liquid solid technique is convenient as it leaves a gold nanoparticle at tip 
the ZnO nanowires, this technique is compatible with low temperature substrates for flexible 
energy harvesting. The use of simple, low temperature, inexpensive chemical synthesis 
method of using equimolar mixture of zinc nitrate and hexamethylenetetramine was the 
solution. Since its first demonstration on kapton polymer substrate by Gao et.al, this method 
has become the primary method for ZnO nanostructured based nanogenerators[2]. These 
ZnO nanowires were coated with poly methyl methacrylate (PMMA) to obtain mechanical 
stability and this then became a common approach for later device development. The ZnO 
nanowires were strained using an AFM tip, which however could not produce a significant 
strain. Hence, an alternate method was proposed to use TEM for straining these ZnO 
nanowires for a piezoelectric potential output [23]. The results obtained by this method were 
more reliable compared to AFM technique, as the nanorods were physically bonded to the 
electrode.  Although after careful consideration of identifying the measuring technique, the 
as reported current generation under static strain was not through  a piezoelectric effect and 
implies a small bias to present in measurement system can be described on various types of 
ferroelectric materials [15], [17], [24].  
Various theoretical frameworks were developed to support the piezoelectric output 
from strained ZnO nanowire. Gao et al. developed a theoretical model across a bent ZnO 
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nanorod and estimated the potential difference [25].  However, in their model, the free 
carriers present in ZnO were not included, which were vital to understanding the 
piezoelectric properties, and it was then further recalculated by same team [26]. This 
theoretical analysis explained that the free carriers can lead to a less symmetrical 
distribution of potential. This is probably to measure a potential difference between the base 
and tip of a strained nanorod despite a range of potential bending and compression 
situations.   Many other studies provided computational models of a strained nanorod for 
nanogenerators.  
According to the reports by various groups, the nanostructure of the ZnO crystal 
determines the performance of subsequent PENG device voltage output. In the work 
reported by Wang et al. [11], 2-D ZnO nanosheets were synthesised on indium tin oxide-
polyethylene terephthalate (ITO–PET) substrates and investigations was carried out to 
clarify the relationship between the structural properties of 2-D ZnO nanosheets and the 
output performance of the corresponding ZnO based PENGs. Prior to the growth of ZnO 
nanostructures, a seed layer of ZnO was deposited using radio frequency magnetron 
sputtering, after which the growth process was carried out involving Zn(CH3COO)2.2H2O 
and C6H12N4 in a 1:1 molar ratio. The seed layer coated ITO-PET substrate were submerged 
into the precursor solution in a sealed kettle which was maintained at 95 oC for 3 hr resulting 
in the growth of ZnO nanowires. To obtain ZnO nanosheets, the as-prepared ZnO nanowire 
coated substrates were then immersed into a Zn(CH3COO)2.2H2O, NaOH solution and 
maintained for 30 min at 100 oC as shown in Fig. 2.2. It was observed that the nanowires 
showed a hexagonal cross section with average diameter and length of 50- 170 nm and 3 
µm, respectively. The subsequent nanosheets displayed a visible mesh connection with each 
other with a thickness between 0.5 – 1 µm. The samples of ZnO nanowires and nanosheets 
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were then assembled into PENG devices (1 x 1 cm2) using ITO-PET as the top electrode 
and tested under a 1 kgf (9.8 N) compressive force. Under this compressive stress, both 
samples displayed a DC type response with a voltage output in the range of 26-28 mV for 
ZnO nanowires and 28-35 mV for ZnO nanosheets, respectively. Concurrently, the current 
values for ZnO nanowires was ~40 nA while that for ZnO nanosheets was significantly 
higher with a value of ~0.15 µA indicating the ZnO nanosheets exhibit better results. The 
DC-type output signal was attributed to the presence of mostly tilted ZnO nanowires and 
direct compression of the vertically aligned ZnO nanowires in the direction of external 
pressure [11].  
 
 
Fig. 2.2: Schematic diagrams of the ZnO NGs based on nanowires (a) and nanosheets (b), 
respectively [11]. 
 
Similarly, Kumar et al. [27] reported the use of graphene films on Al2O3 substrates to 
directly grow high crystallinity ZnO nanostructures ranging from nanowires, nanowalls to 
nanowire-nanowall hybrids using a chemical vapour deposition (CVD) process. The 
morphology of the ZnO itself was controlled by varying the Au catalyst thickness (0.5-2 
nm) on graphene. As shown in Fig. 2.3, the samples grown at 900 oC showed a variable 
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morphology dependent on the growth time and catalyst thickness with the growth of ZnO 
nanowire, hybrid, and nanowall structures at 40, 60, and 120 min, respectively. All the 
samples were c-axis oriented with strong diffraction signal observed from the (0002) axis 
and a lattice spacing of 0.52 nm. It was observed that growth of ZnO nanowires occurred if 
the density of the Au nanoparticles was not too high and the Au nanoparticles were well 
separated from each other, i.e. they are discrete. In the case that the distance between the 
Au nanoparticles was less than the diameter of the ZnO nanowires, it would result in the 
growth of ZnO nanowalls which grew via the self-catalytic vapor-liquid-solid (VLS) 
process. When assembled into PENG type devices using Au-coated polyethersulfone as a 
top electrode and the graphene layer as the bottom electrode, a DC type piezoelectric output 
was observed. Under an applied load of 0.5 kgf (4.9 N), an output voltage of ~20 mV and a 
current density of ~500 nAcm-2 was observed. The ZnO based PENG devices are compared 
in terms of their performance and tabulated in table 2.2  
Using piezoelectric materials various studies on energy harvesting devices have been 
explored to develop self-powered devices. However, there are significant issues to be 
addressed including: (i) the PENG devices can harvest only a small amount of power. A 
value up to 5 µW [4] has been reported in literature, limiting the range of applications, (ii) 
high output impedance, (iii) large scale and low cost fabrications are required, and (iv) work 
under small mechanical stress levels (requires high sensitivity). Hence, there is a need to 
develop an alternative mechanism to address and overcome these issues. Thereby, another 
energy harvesting technique was developed by Wang et al. in 2012, which was termed as 
the triboelectric nanogenerators (TENG) [35].   
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Fig. 2.3: Tilted-view FE-SEM images of ZnO (a) nanowires, (b) nanowire-nanowall hybrid, and (c) 
nanowall structures. Cross- sectional FE-SEM images of ZnO (d) nanowire, (e) nanowire-nanowall 
hybrid, and (f) nanowall structures on a graphene/ Al2O3 substrate [27]. 
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Table 2.2: ZnO-based PENG devices and their corresponding output performances [28].  
 
 
2.3 Tribo electric nanogenerators (TENG) 
Triboelectric nanogenerator is a new energy harvesting device which converts the 
external mechanical energy into electric energy by a conjunction of electrostatic induction 
and triboelectric effect [35]. The TENG basically utilises the charges that are generated on 
the surfaces of two dissimilar materials when in contact through electrification and 
electrostatic effects. In order to equalise the electrochemical potential, the charges that are 
generated on the surfaces of any two dissimilar materials on contact, some of the bonded 
atoms can either gain or give an electron to keep the material in neutral state simultaneously 
generating triboelectric charges on the surface of the materials. When two dissimilar 
dielectric materials carrying opposite triboelectric charges make a relative motion, an 
electric potential difference is produced. This electric potential difference moves charges 
through the conductive back metal electrodes of the TENG and charges are collected 
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through the external circuit [35], [36]. TENGs are also known as organic nanogenerators as 
most of the TENG uses organic materials for harvesting mechanical energy. Many 
researchers developed various methods in improving the output performance, owing to its 
great potential for scavenging mechanical energy through the ambient environment. Most 
of the mechanical energy that are wasted in our daily life like mechanical triggering, 
walking, wind, human motion, rotating tyre and so on, can be used as the input for 
triboelectric device to harvest energy. 
Since the earliest report on TENG in January 2012, its power output has been increased 
by up to five orders in magnitude in its first year as shown in Fig. 2.4 (a) and has kept on 
increasing over past five years as shown in Fig.2.4 (b) [35], [37]. Along with its exceptional 
performance, this technology has various advantages, such as simple and easy fabrication 
at a low cost, highly reliable, environment friendly and robust nature devices and etc.    
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Fig. 2.4: The progress made in the output power density of triboelectric nanogenerator within (a) 12 
months of its discovery [35]; (b) 5 years of its discovery [37]. 
 
The surface of the materials or its triboelectric layers gets charged during contact 
electrification process, based on their chemical structure and properties. All the materials 
including metals and dielectric materials can be put in an order as a triboelectric series based 
on their tendency to accept or to donate an electron as shown in Fig. 2.5 [38], [39]. 
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Fig. 2.5: Triboelectric series for various materials arranged in order of their tendency to attract or 
donate electrons [40].  
 
The materials on the positive side of the triboelectric series can donate an electron 
with respect to the materials on the negative side of the series. This means that the positive 
side materials on the tribolectric series have tendency to acquire positive charge and vice 
versa. The most important rule for selection materials for fabrication of TENG device is to 
select triboelectric materials further away in the series for obtaining higher surface charge 
density.  
Based on the mechanical operation, the triboelectric mechanics can be broadly 
classified into four basic modes as vertical contact-separation mode, in-plane or lateral 
sliding mode, single-electrode mode and free standing triboelectric layer mode. All these 
four modes have different characteristics suitable for different applications. These modes 
are explained in detail in the following sections below: 
 
2.3.1 Basic modes and mechanisms  
2.3.1.1 Vertical Contact-Separation Mode 
 Fig. 2.6 shows a simple vertical contact mode TENG. When two dissimilar dielectric 
materials are facing each other, there are electrodes being deposited on the bottom and the 
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top surfaces of a stacked structure. A physical contact between these two dielectric materials 
can generate oppositely charged surfaces, and a potential drop will be produced if the 
contact is broken by creating a small gap between the two dielectric materials. In order to 
screen this potential, the two electrodes are connected to a load, the generated free electrons 
would flow through to the other end to build an opposite potential to maintain the balance 
between the electrostatic fields. On the other hand, when a gap is closed all the triboelectric 
charges generated will fade and normal electron flow will resume [41], [42]. As the pair of 
dielectric materials getting in contact to generate triboelectric charges, among which one of 
the electrodes must be an insulator so as to protect the charges generated to conduct away. 
The TENG device fabricated using poly methyl methacrylate (PMMA) and polyimide 
(Kapton) with two metal contacts is shown in Fig. 2.6.  There are no charges generated 
under open circuit conditions. When the two dielectric materials are brought in contact 
through an externally applied force, due to the triboelectric effect, the surface charges are 
generated on the surface of both dielectric materials, wherein the electrons are transferred 
from PMMA to Kapton. This leads to increase positive charges on PMMA and 
correspondingly negative charges on the Kapton. When these materials get separated due to 
resilience, an electrical potential difference will be created. In this case an electrical 
potential difference (equivalent to open circuit voltage) amongst the two electrodes can be 
defined by considering the bottom electrode to be at zero potential and is given in equation 
2.3: 
V𝑜𝑐 =  −
σd
𝜀0
                                              (2.3) 
where σ is the triboelectric charge density, ℇ0 is the vacuum pertmittivity, Voc is the electric 
potential and d is the space between the contact materials. The open circuit voltage will 
increase to a maximum value and simultaniously kapton will be realesed back to it original 
  
 
  29 
 
 
 
state. When an extrenal force is applied again, the electric potential will be reduced to zero 
until both the electrodes get close to each other. During the short circuit condition, there 
will be a potential difference, resuting in electrons to flow from the top to the bottom 
electrode to maintain an electrostatic balance. A postive current will be realised during this 
process. The positive charges are accumulated on the top electrode and the negative charges 
on the bottom electrode. The induced charge density can be expressed using the equation 
below, 
                                σ′ =
𝜎𝑑′𝜀𝑟𝑘𝜀𝑟𝑝
𝑑1𝜀𝑟𝑝+𝑑′𝜀𝑟𝑘𝜀𝑟𝑝+𝑑2𝜀𝑟𝑘
               (2.4) 
 
where σ´ is the induced charge density, ℇrk and ℇrp are the relative permittivity of Kapton 
and PMMA triboelectric materials, d1 and d2 are this thickness of Kapton and PMMA layers 
and d´ is the gap height, respectively. 
 
 
Fig. 2.6: Vertical contact-separation mode of triboelectric nanogenerator [41], [42]. 
 
2.3.1.2 In-plane or Lateral Sliding Mode   
Wang et al. demonstrated this operating mechanism for TENG in 2013. The assembly 
resembles the vertical contact separation mode. Here, when two dissimilar dielectric 
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materials are in contact and glided in parallel to each other’s surface, the triboelectric 
charges are generated on both the surfaces.  The electrons generated on the top and bottom 
surfaces will flow to maintain a balance in the field produced by the triboelectric charges, 
due to introduction of lateral polarisation along the sliding direction. An AC output is 
generated while introducing periodic sliding inwards and outwards. This motion of sliding 
can be either planar, cylindrical or disc rotation [43]–[45]. The TENG is fabricated using 
two electrodes (PTFE (Polytetrafluoroethylene), Nylon), here both the electrodes are 
arranged in parallel as shown in Fig. 2.7. The surfaces of the two materials (PTFE and 
nylon) are in full contact with each other. This contact between the materials will lead to 
the transfer of electrons from Nylon to PTFE and there is no potential difference developed 
at this stage. When the top side holding the positive charges, tends to slide outwards, a 
relative displacement occurs in lateral direction. A potential difference is thus created 
driving the electrons from PTFE to Nylon via an external load. The amount of transferred 
charges will reach to the maximum value up to a full mismatch between the lengths of two 
materials. When the top electrode slides inwards, the transferred charges will flow back 
through the external load and generate a negative signal to maintain electrostatic 
equilibrium. Once the electrodes reaches to its original position, no charge transfer will 
occur [43]–[46]. 
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Fig. 2.7: Lateral sliding mode of triboelectric nanogenerator [35], [43]–[46]. 
 
2.3.1.3 Single-Electrode Mode  
In the single electrode mode, the bottom electrode is grounded and is applicable in 
situations when one of the electrode is a part of TENG and cannot be connected to the load 
as it is mobile. The departing/approaching top electrode should be approachable to the 
bottom electrode to alter the electric field distribution, thus the electron exchange between 
the bottom electrode and the ground can maintain the potential change between the 
electrodes [35], [47]–[49]. The schematic representation and operation of single electrode 
mode TENG is shown in Fig.2.8. Here a patterned PDMS array of micro pyramids acts as 
the bottom electrode and the human skin acts as the top electrode with the ITO acting as the 
contact electrode.  The variation in distance between the two surfaces can induce the charge 
transfer between the ground and the ITO electrode, thus resulting in electron flow through 
the external load. Once the human finger is brought in contact with the PDMS, the charge 
transfers at the contact point. As PDMS is tribo-electrically negative in comparison to the 
human skin, positive triboelectric charges are generated on the human skin and contrarily 
negative charges on the PDMS surface. The negative charges generated on the PDMS 
surface can be conserved for a longer duration due to insulating/dielectric nature of PDMS. 
When the finger is withdrawn from the PDMS surface, an electrical difference is generated 
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between ITO and the ground. The positive charges on the ITO will be induced by the 
negative charges generated on PDMS, thus the electrons flow through external load attached 
to maintain equilibrium state [35] [49].  
 
Fig. 2.8:  Single-electrode mode of triboelectric nanogenerator[35]. 
 
2.3.1.4 Free standing tribolectric Mode   
This type of TENG is more durable as the wear and tear is quite less. In this method, 
when a pair of symmetric electrodes underneath a dielectric layer having same electrode 
size and the gap distance between the two electrodes are in the same order similar to the 
size of the moving dielectric object. An asymmetric charge distribution is created when the 
object is leaving or arriving between the electrodes, this will cause an electron flow between 
both the electrodes to maintain a potential difference. 
This type of TENG is more promising because of its versatile applicability towards 
energy harvesting from human walking or from a moving objects without any electrode 
attachment. The basic operation procedure is that, the change in positions of the triboelectric 
material between a pair of electrodes produces the variation in potential difference, and is 
schematically shown in Fig. 2.9. The assembly mainly consists of a free standing dielectric 
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layer (Fluorinated Ethylene Propylene (FEP)) and two metal layers, which act as a 
triboelectric materials and as electrodes. Initially, when the FEP free standing layer is 
aligned with the left hand metal electrode, negative triboelectric charges are generated on 
FEP inner surface and positive charges on the surface of the left hand electrode, due to their 
ability in attracting or losing the electrons. Then, the FEP layer slides towards right hand 
side electrode, creating a potential difference between the right and the left hand electrodes. 
Thus, the electrons generated will flow from the left hand side electrode to the right hand 
side electrode through an externally connected load to maintain the equilibrium. When the 
FEP layer reaches completely to the right hand side of the electrode, there will be no electron 
flow through [35], [50]. 
 
 
Fig. 2.9:  Free standing tribolectric mode [35], [50]. 
 
2.3.2 Materials and fabrication techniques for triboelectric nanogenerators 
The output performance of TENG devices for power generation can be improved by 
two main factors: (a) judicious selection of triboelectric materials and (b) modification of 
surface topography for triboelectric layers by silicon template based micro/nano patterning 
or by surface functionalisation etc., and (c) improving the charge density via charge 
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injection/polarisation by addition of piezoelectric additives and production of hybrid 
piezoelectric/triboelectric structures. The choice of triboelectric materials for triboelectric 
layers is paramount as the amount of surface charge generated due to triboelectric effect 
depends on this parameter. The surface charge generation relies mainly on tendencies of 
losing or attracting electrons of both the triboelectric materials. The surface topography 
plays a significant role for defining the effective contact surface area and subsequent charge 
separation through the contact electrification produced by triboelectric effect. Fabrication 
techniques enabling the nanostructures of the material surface besides surface chemistry 
modification, charge injection etc. have been employed to enhance the performance of the 
TENGs. Besides the surface topography, additional practical factors affecting the selection 
of materials include application scenario, cost, biocompatibility, and fabrication limitations.  
Various groups have utilised both of these approaches to enhance the power output of 
TENGs. A brief summary of such efforts is  presented in Table 2.3 [42], [47], [48], [51]–
[62].  
 
Fig. 2.10: (a) Schematic drawing of one of the early prototypes of triboelectric mechanism based 
energy harvester. (b) Voltage generated by the energy harvester using different topographies for 
patterned PDMS films [76]. 
  
 
  35 
 
 
 
 
Table 2.3: Materials and topographies to improve the TENG device performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fan et al.  reported a transparent, flexible prototype of TENG device in 2012 utilising  
patterned PDMS as the triboelectric layer on which various pattern shapes such as cubes, 
lines and pyramid shape were produced (as shown in Fig. 2.10(a))[76]. Fig. 2.10 (b) shows 
the output performance comparison for the devices with different shaped structures. It was 
shown that the pyramid shaped pattern based device exhibits the maximum voltage of 18 V 
Materials Surface Topography/ Processing Reference  
TiO2 Nano wires and Nano sheets Lin et al. [56] 
Al Nanopores Yang et al [47] 
PTFE Nanowires  Yang et al [47] 
SiO2 Nanoparticles  Cheng et al [63] 
PDMS Pyramid shaped structures using 
molding 
Han et al  [57] 
Al Nanostructures of average size ~ 
200nm 
Han et al  [57] 
PDMS Nanowire Yang et al [64] 
Si Pyramid shaped texture Yang et al [64] 
PTFE  Etched nanoparticle topography Yang et al [65] 
Ag  Nanowire/nanoparticle composite Lin et al [66] 
Fluorinated ethylene-
propylene 
Dry etched nanowire structures Yang et al [67] 
Kapton Dispersed with PTFE nanoparticles Jing et al [68] 
PDMS Micropillars Yang et al [69] 
Al Nanopores Bai et al [70] 
Poly-vinyl chloride Nanowires  Du et al [71] 
Cu Micro roughness by coating Cu on 
etched Si structures 
Guo et al [72] 
Kapton  Dry etched nanowires Zhu et al [73] 
PDMS Convex dome shaped structures Hou et al [74] 
Au  Nanoparticles  Zhu et al [75] 
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and a current of 0.7 µA. This device was further used as a self-powered pressure sensor, and 
demonstrated its sensing capability without requirement for external power source. This 
provides the insight by modifying the surface topography for triboelectric layers can 
improve the performance of the TENGs.  
Hence a continuous analyses were carried out by various research groups to enhance the 
power output by coupling the piezoelectric and triboelectric systems using the following 
methods: 
(a) To enhance the piezoelectric potential difference an addition of electrostatic charges 
directly on to the surface of piezoelectric material [77] .  
(b) By developing a rational structural design, where in the device structure capable of 
generating simultaneous piezoelectric and triboelectric output in a single press cycle 
[57], [78]–[80].  
One such method was realised in this study to enhance the performance of TENG. 
Although the TENGs can harvest energy with high outputs and high efficiency, their outputs 
depends on the availability of the local ambient/waste mechanical energy input. Energy 
storage devices such as rechargeable batteries and capacitors integrated with the TENG 
system can solve this issue, however it increases the system complexity and costs. An 
alternative is the use of energy systems with high-energy capacity that can supply energy 
for use continuously, particularly suitable for portable electronics. In this study, I have also 
focused on another energy technology, the fuel cells. The second part of the literature 
review, I will focus on fuel cell technologies, particularly the nanomaterial decorated carbon 
supports based catalysts for oxygen reduction reaction (ORR) in fuel cells.  
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2.4 Fuel cells, oxygen reduction reaction and catalysts 
The fuel cells are generally accepted as the source of ultimate energy solutions 
because of their zero emission, high efficiency, quiet process and unlimited renewable 
source of reactants [81]–[84]. There three major markets for fuel cell technology such as 
stationary power, transportation and portable power. The fuel cells are electrochemical 
devices that convert chemical energy into electrical energy via chemical reactions occurring 
at the electrode/electrolyte interfaces. There are many variety of fuel cells such as proton 
exchange fuel cell (PEMFC), Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel 
Cell (MCFC), Solid Oxide Fuel Cell (SOFC), Alkaline Fuel Cell (AFC) and Direct 
Methanol Fuel Cell (DMFC). Amongst these the Proton-exchange membrane (PEM) fuel 
cell attracted much attention worldwide as it possess various advantages such as quick 
starting (requires less warm-up time) and compact stacking, low operating temperature (~ 
80 oC), high durability (less wear and tear). Recently Toyota has launched a hydrogen fuel 
cell vehicle called “Mirai” at Los Angeles auto show, which is one of the first such mass 
vehicle available commercially [85]. A PEM fuel cell typically consists of an anode, cathode 
and a proton exchange electrolytic membrane. In the case of typical PEM fuel cells, when 
hydrogen molecule passes through the anode a “hydrogen oxidation reaction” (HOR) occurs 
at the anode. When the oxygen is passed through the cathode “oxygen reduction reaction” 
occurs at the cathode.  The hydrogen molecules are split into electron and proton at the 
anode side. These protons generated pass through the electrolyte membrane to react with 
oxygen forming water as by-product, while the electrons generated are collected through 
the external circuit. The basic working principle of fuel cells is schematically shown in Fig. 
2.11. The oxidation of fuel (hydrogen) at the anode and the reduction of oxygen at the 
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cathode are the driving reactions occurring in the fuel cells [86] and occur via the following 
chemical reactions equation 2.5 till 2.7:  
At anode:    2H2    4H+ + 4e-                   (2.5)  
At cathode: O2 + 4H
+ + 4e-  2H2O              (2.6)  
Overall reaction: 2H2 + O2  2H2O                     (2.7) 
As can be seen from the above equations, the by-products of these reactions is largely 
water and display high efficiencies [87]–[91].  
  
Fig. 2.11: Structure of a typical PEM fuel cells setup [92]. 
 
To reduce the cost of the PEMFC, researchers have focused in two primary areas: 
reducing platinum (Pt) loading by increasing dispersion and using replacing Pt with less-
noble (i.e. Pd) [93] or non-noble catalysts [94], [95]. Transition metal alloys, chalcogenides, 
carbides, nitrides, and metal-N4 macrocyclic compounds have all been explored as potential 
electrocatalysts for ORR at the PEMFC cathode [96]. One of the most promising methods 
to reduce the platinum loading by application of nanostructured carbon’s, diamonds, oxides, 
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and carbides as they possess unique properties such as larger active surface area. However, 
carbon blacks (i.e Vulcan) are still the most widely used commercial catalyst support [93]–
[99] . 
2.4.1 Mechanism of ORR process 
Over the last century ORR has been extensively investigated owing towards its 
importance in field of energy conversion system, particularly in fuel cells. As mentioned in 
previous section ORR is the most important cathodic process in PEM fuel cells. A fuel cells 
run on hydrogen fuel and air with a by-product of water, at low-temperature they generate 
clean energy. The key issue for high efficiency and low cost fuel cells is the efficiency of 
ORR process and the durability of the support material [92], [100]. ORR being one half of 
fuel cell reaction occurring on the cathodic side of the fuel cell typically uses the same catalysts 
as the anodic side such as platinum (Pt), platinum-ruthenium (PtRu) etc. While Pt is the best 
single metal electrocatalyst for ORR with high activity and durability in acid [101], its ORR 
rate is ~5 orders of magnitude slower than the hydrogen oxidation reaction at the anode. 
Consequently, the cathode of a PEM fuel cell typically contains 80~90 % of the total Pt in 
the stack. Due to the scarcity and high cost of Pt, the target loading of a total (anode + 
cathode) fuel cell is required to be below 0.125 mg.cm-2 in 2017 according to US 
Department of Energy (DOE), comparing with present status of ~0.4 mg.cm-2 or more used 
on cathode [102]. Reducing Pt loading of the cathode without loss in the performance is the 
subject of most of the electrocatalytic studies [103], [104]. Until now, Pt based 
electrocatalysts are currently the only choice in practical PEM fuel cells.  
In general, the most accepted mechanism ORR can follow one of the two reaction 
pathways: A four-electron reduction (direct) and a two-electron reduction (in-direct). The 
latter process involves the generation of H2O2 as the reaction intermediate. In the case of 
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the four-electron reduction mechanism in acidic medium, oxygen is reduced 
electrocatalytically and combined with H+ to form water. Operation is typically under a 
strong acidic environment for hydrogen fuel cells. The overall reaction for this four-electron 
process is given in Equation 2.8: [105] 
    O2+ 4H
+ +4e-2H2O                                  (2.8) 
The ideal standard potential (Eo) for this reaction is 1.23 V. For the two-electron 
process, the reaction sequence and standard potential are given by the following reactions: 
     O2+ 2H
+ +2e-2H2O2 ; Eo = 0.67 eV                               (2.9) 
H2O2+ 2H
+ +2e-2H2O ; Eo = 1.76 eV           (2.10) 
The kinetics of ORR are very important as they effect the performance of the PEM 
fuel cells. There are several issues which need to be addressed along with the slow reaction 
kinetics at the cathode, which are mainly due to the fuel crossover (penertation of electrolyte 
through exchange membrane) in the cathode and leading to a potential loss and hence 
reducing the over all efficency of ORR[106]–[110]. The Pt-based materials suffer from CO 
deactivation and susceptibility to time-dependent drift, that in-turn greatly decreases the 
cathode potential and reduces fuel efficiency [111], [112]. Apart from catalytic activity and 
cost, the stability and lifespan of a catalyst also play a critical role in fuel cell applications. 
The high cost of the Pt-based catalysts, along with the limited availability of raw materials 
in nature, has been shown to be one of the major setbacks for commercialization of fuel 
cells and their applications [113]. Various research groups have worked in this area to (i) 
reduce the cost of fuel cells by using using reduced Pt or Pt-free electrocatalysts, like non-
precious transition metals, metal nitrides and the nanoscale carbon-based metal-free 
electrocatalysts; (ii) to synthesis Pt with novel nanostructures such as carbon nanotubes, 
  
 
  41 
 
 
 
garphene oxide and garphene and etc, as it known that the support material may 
siginificantly improve the performance of the catalys [103], [114].   
 
 
2.4.2 Carbon support catalysts 
The great attention towards the nanostructured supports has increased over a 
decade or so as they enable higher electrocatalytic activity and provide faster electron 
transfer. The supports broadly can be classified into two categories: (i) carbon based 
supports ( carbonaceous supports) and (ii) non- carbon based supports (non-
carbonaceous supports). All the carbon allotropes including graphene, graphite, 
nanotubes, nano-diamond, fullerene etc, provide the essential fuel cell support 
properties. On the other hand the non-carbonaceous based materials include induim 
oxide, alumina, silica, titania and conducting polymers are being studied [115]. This 
thesis mainly focuses on carbon based supports. 
For fuel cell applications, carbon is used not only as a structural material for easy 
gas diffusion, but also as the catalytic support material. There are some requirements for 
an ideal carbon catalytic support, such as high electric conductivity for providing 
significant performance benefits, large surface area for precious metal dispersion, ease 
of recovery of precious metal from the catalyst, high chemical stability in acidic and 
alkaline media, mesoporous structure to maximise the triple phase boundaries and good 
water handeling capacity to aviod overflowing [86], [116]–[128]. The unique 
characteristics of carbon make it an ideal material for applications in fuel cells. Carbon 
has many available allotropes such as graphene, graphite, nanotubes, nano-diamond, 
fullerene etc, that have been used as support materials for ORR tabulated in table 2.4. 
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Carbon support catalysts for fuel cell reactions have been studied by various groups over 
the years. 
 
Table 2.4: Carbon Support Properties [129], [130]. 
Properties 
Carbon 
Nanotubes  
Graphene Graphite 
Activated 
Carbon 
Shape 
  
 
– 
Specific Surface 
area (m2/g) 
1315 2630 ~10 1200 
Thermal 
Conductivity 
(W/mK) 
>3000(MWCNT) ~ 5000 ~3000 0.15~0.5 
Electrical  
Conductivity 
(S/cm) 
>100 (MWCNT) 
 
>24.2±2 25± 0.15 – 
Interinsic 
mobility 
(cm2/Vs) 
~100,000 
~15,000 (on SiO2) 
~200,000(free 
standing) 
13,000 – 
Young’s 
modulus (TPa) 
0.64 ~1.0 1.06 0.138 
 
 
To improve the catalyst efficiency and to reduce the catalyst loss, a good interaction 
amongst support and the catalysis is required [115]. This also helps in reducing the catalyst 
poisoning and improving the durability of the device. Hence the choice of the support 
material plays a vital role in determining the performance, behaviour, life span and cost 
effectiveness of the overall fuel cells system [100], [115], [131]. 
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2.4.3 Platium decorated carbon supports catalysts 
With the advancements in in-situ characterization techniques, [132]–[136] significant 
progresses in Pt catalysts with a tailored structure has been made. Electrochemical reactions 
with tuning selectivity have become possible by using atomically dispersed platinum 
catalyst [137]. Most emerging approaches still focus on controlling the surface structure and 
surface electronic state (or composition) of Pt nanoparticles (NPs) to achieve higher ORR 
activity with less Pt. However, by its very nature the ORR is very sluggish and leads to a high 
overpotential loss of nearly ~ 400 mV for PEM fuel cells [131], [138]. This translates into a low 
exchange current density of the order of 10-3 to 10-7 mA.cm-2, depending upon the nature of 
interface between exposed surface and electrolyte. Also, the possibility of penetaration of 
methanol from the anodic side to the cathodic side makes the ORR electrodes much more prone 
to poisoning effects. In the past several years, researchers have developed high performance 
electrocatalysts for the ORR to address the obstacles of high cost of the Pt catalyst 
(calculated per kilowatt of output power) and of declining catalyst activity over time i.e. 
poisoning. Current efforts are focused on new catalyst structures that add a secondary metal 
to change the d-band centre and the surface atomic arrangement of the catalyst, altering the 
chemisorption of oxygen containing species that have the largest impact on the ORR 
kinetics and improving the catalyst activity and cost effectiveness [131], [138]. This section 
reviews recent progress in the design of Pt-based ORR electrocatalysts, including improved 
understanding of the reaction mechanisms and the development of synthetic methods for 
producing catalysts with high activity and stability.  
Researchers have synthesised several types of highly active catalysts, including single 
crystal surface of Pt and its alloy, bimetallic nanoparticles, and self-supported, low-
dimensional nanostructures. The strong dependence of ORR performance on facet and size 
of Pt nanoparticles suggests that synthesizing nanocrystals with large and highly reactive 
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{111} facets could be as important, to increase the catalyst activity by reducing the 
nanoparticle size.  
Hasche et al studied the stability, activity and degradation of Pt/MWCNTs 
(multiwall carbon nanotubes) for ORR [139]. The experimental data showed that some 
traces of Pt NPs are present inside MWCNTs, which exhibits a comparable ORR 
electrocatalytic activity to that of Pt/Vulcan XC-72R catalyst, a commercial product. 
Liu et al prepared Pt/MWCNTs by microwave-assisted rapid heating method for ORR 
in PEMFCs [140]. Their experiments showed that 20 wt% Pt NPs loaded MWCNTs 
have high electrocatalytic activity for oxygen reduction as tested by a single stack 
PEMFC. Sharma et al synthesised Pt/rGO (reduced graphene oxide) electrocatalyst with 
uniform dispersion of Pt NPs for CO-poisoning tolerance for methanol oxidation 
reaction, which outperformed commercial Pt-carbon black (PtCB) electrocatalysts 
[141]. For clarification, some Pt/carbon support hybrids used as advanced catalysts for 
fuel cell applications are summarized in Table 2.5 mentioned below:  
 
              Table 2.5: Summary of polyol- assisted Pt/Carbon support electrocatalysts. 
Support Precursor Preparation method Electrolyte 
ECSA  
( m2/g) 
Reference 
GNP H2PtCl6 Micro wave (MW) – 
800 W, 60 s 
1 M H2SO4 24.3 [142] 
MWCNT H2PtCl6 MW – 800 W, 55 s 0.5 M 
H2SO4 
60.2 [143] 
rGO H2PtCl6 MW – 800 W, 55 s 0.5 M 
H2SO4 
82.1 [143] 
MWCNTs H2PtCl6 refluxed at 140 0C, 3 h 
under Ar flow 
0.5 M 
HClO4 
24.3 [144] 
GO/rGO K2PtCl6 
MW – 700W , 50s 
~100s 
1 M H2SO4 43.1 
[141] 
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MWCNTs K2PtCl6 
700W for 15 s  on & 
60 s off and repeated 
for 30 min 
0.5 M 
H2SO4 
64.8 
[145] 
 
The most popular low crystallinity amorphous carbonaceous supports such as carbon 
black are prone to high oxidation rates owing to the high electrode potentials experienced 
in the fuel cells, thereby reducing their lifetime and efficiencies. Moreover, the presence of 
micro- and nanoporous structures in carbon black affects the overall catalytic efficiency by 
trapping the catalyst nanoparticles in the micro/nanopores where they cannot be accessed 
by the reactants. Carbon black is also unstable under the highly acidic/alkaline conditions 
of a fuel cell, resulting in the corrosion of carbon support and leading to detachment of 
catalyst nanoparticles. As a result, extensive research has been conducted on the use of other 
allotropic forms of carbon in fuel cells such as carbon nanotubes and fibers, mesoporous 
carbon, multi-layer graphene (undoped and doped with metal nanoparticles) and graphene 
oxide/reduced graphene oxide.  
  Although an extensive body of literature now exists which discusses the properties 
and potentials of the various pristine as well as Pt loaded carbon materials for ORR 
applications, there have been contradictory reports on the benefits of using carbon 
nanotube or graphene-based materials for fuel cell applications [113], [146]–[148], 
mainly due to different conditions used for synthesis of carbon support materials, ORR 
experiments and comparisons. Here, a comparative electrochemical analysis of various 
carbon supports, including commercial PtCB, pristine and Pt loaded multiwalled carbon 
nanotubes, graphene oxide and graphene nano platelets, is reported. A comparative 
study is carried out to investigate their electrochemical response towards ORR under 
identical experimental conditions. This will provide useful information regarding the 
electrochemical performance of the different types of carbon nanomaterials under 
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identical experimental conditions.  
 
2.5 Summary 
This review chapter provides an overall review of the various resources for alternative 
renewable energy. Initally, in the first part of the review provides the state-of-the-art of 
piezoelectric nanogenerators and triboelectric nanogenerators for energy harvesting 
applications; while on the second part considers the role of surface and dimensionality of 
underlying carbon supports, for enabling their uses in electrochemical-based energy 
devices, i.e. fuel cells, especially for the sluggish cathodic oxygen reduction reaction. The 
literature review thus covers a significant range of energy harvesting and generating 
technology ranging from microwatts to watts.    
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CHAPTER 3  Materials and Methods  
 
3.1 Introduction 
This chapter describes in detail synthesis of ZnO nanomaterials and Pt nanoparticles 
by various deposition techniques. The techniques used for characterisation of their 
fundamental properties such as their microstructure, surface morphology and crystallinity 
are discussed in detail. Also, a range of techniques used to characterize their electrochemical 
and piezo/tribo electric properties are explained with the help of detailed schematics. 
 
 
3.2 Material synthesis techniques  
3.2.1 Synthesis and deposition of ZnO 
ZnO is a unique material with unique properties suitable for electronic, optoelectronic 
and piezoelectric devices applications. ZnO is a wide band gap semiconductor with a direct 
bandgap of about 3.34 eV, and has been used to fabricate field effect transistors as well as 
optoelectronic devices such as blue light emitting diodes (LEDs) and lasers[1], [2]. Due to 
the lack of centre of symmetry in its wurtzite structure, ZnO shows piezoelectric properties 
with a high value of piezoelectric constant (d33 is 12.4 pm/V piezoelectric coefficient of 
single-crystal ZnO [3])  and electromechanical coupling coefficient. These are suitable for 
fabricating piezoelectric devices such as surface acoustic wave devices, piezoelectric 
transducers and piezoelectric nanogenerators [4], [5]. Nanostructured ZnO such as 
nanorods, nanowalls, nanosheets etc. can be synthesised via simple and facile methods, 
further expanding its applications as nanostructured materials show significantly higher 
surface to volume ratio giving rise to unique properties that bulk materials lack. 
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ZnO thin films or ZnO nanostructures can be easily controlled compared to other 
materials, as it can be synthesised by various methods depending on the application. The 
growth technique plays an important role in controlling the properties of the ZnO 
nanomaterials or thin films, as physical properties of ZnO nanomaterials or thin films can 
vary significantly with different growth techniques. For example sputtered ZnO bulk 
nanomaterial has a piezoelectric coefficient (d33 is 12.4 pm/V), when compared to ZnO 
nanobelts   (14.3 to 26.7 pm/V) [3], [6]. As such, great efforts have been made to develop 
various growth techniques to deposit/synthesize ZnO nanostructures. A broad classification 
of various growth techniques used for ZnO nanostructure synthesis and thin film deposition 
is shown in Fig. 3.1 below, and are briefly introduced in the following sections.  
   
 
 Fig. 3.1: Classification of different growth techniques for ZnO thin films and nanostructures. 
 
Metal Organic Chemical Vapor Deposition (MOCVD): MOCVD is a chemical vapour 
deposition method used to produce thin films in ultra-high vacuum [7]–[9]. During the 
growth process, ultrapure organic compounds or metallo-organic gases are injected into a 
reactor, and surface reaction takes place resulting in crystalline growth. High quality single 
crystalline ZnO thin films can be grown using this process. The MOCVD process requires 
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high temperatures between 3000C - 9000C, and the use of special chemical precursors. 
Anhydrous zinc acetate is typically used as a source in the low pressure MOCVD, and high 
quality ZnO thin films were successfully deposited and used for device fabrication [9]. 
MOCVD system is a sophisticated, ultra-high vacuum (>10-8 bar) and complicated system, 
requiring skilled resources for the operation. Needless to say that the equipment and process 
is cost-intensive and thus it is only use for specific applications such as semiconductor 
device fabrication and research. 
 
Molecular Beam Epitaxy (MBE): This MBE process uses, elements such as zinc, in ultra-
pure form, is heated in an effusion cell until they begin to slowly sublime [10]–[13]. The 
gaseous elements, including gas phase elements then condense and react to form a thin film 
on the wafer. High quality single crystalline ZnO thin films can be grown using this process 
with a low deposition rate at a temperature between 3000C to 8000C. Ko’s team used a 
plasma assisted molecular beam epitaxy (P-MBE) to grow ZnO thin films over Al2O3 
substrate, under various Zn/O ratios [13]. They have also investigated that the growth rate 
was increased when Zn flux was increased. It was also observed that when the growth 
temperature increased, Zn flux should be increased to obtain a good stoichiometric ZnO 
thin film. Similar to MOCVD, MBE system is a sophisticated and complicated system and 
need skilled operator. It can only grow materials in small scales, suitable for research and 
small scale device fabrication.  
 
Pulsed Laser Deposition (PLD): PLD is one of the relatively simple growth techniques 
used to deposit thin films or nanostructures. In this method, a high power laser pulse is 
imposed on target to evaporate target material, and then is deposited on the substrate. The 
vaporized material becomes particles, and they directed normal to the target surface under 
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an electric field or a gravitation force. These ablated particles condense on the surface of 
the substrate to form a film or nanostructures. The chemical compositions of the target can 
be adjusted such that the stoichiometry of the materials to be deposited is preserved during 
interaction process. The PLD has been used for ZnO thin film deposition, particularly 
suitable for small area deposition, at a temperature between 2000C – 6000C. Substrate 
temperature, oxygen pressure and laser intensity are the main parameters to affect the 
synthesis ZnO nanostructures or thin films[14]–[16]. Material properties of thin films vary 
along the thickness direction. Myoung et al. described the effect of ZnO film thickness on 
the properties of laser pulse deposited ZnO thin films [16]. It was shown that increase in the 
film thickness improves crystallinity. It was also observed that the decrease in carrier 
concentration with increase in the film thickness. The cylindrical ZnO tablets made by 
pressing ZnO powder are usually used as the targets.  
 
Sputtering deposition:  Sputtering refers a phenomenon that the bombardment of 
energized particles on surface a solid target generates free-flying particles. As a result of 
collision between energized particles and solid surface, these surface atoms of the solid are 
knocked out and scattered backwards [17]. Sputtering (dc sputtering, rf magnetron 
sputtering, and reactive sputtering) is one among most prominent and early techniques 
used to deposit ZnO nanostructures. The cost of this process is slightly higher compared to 
hydrothermal method with a low deposition rate at a few nm- tens of nm per minute at a 
temperature between 250C – 4000C, as compared with those methods discussed later. The 
growth o f  ZnO  b y  sputtering is usually carried out in the growth ambient in presence 
of oxygen or oxygen/argon  at a  pressure range between 0 to 1 at 10
-3– 10-2 Torr. Wherein 
argon acts as the sputtering enhancing gas and oxygen will serves as the reactive gas. ZnO 
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can be grown by dc sputtering by using metallic zinc target in presence of argon and 
oxygen gas mixture, the metallic zinc atoms knocked out from the target will react with 
oxygen radicals, either in the vacuum or on the surface of the substrate to form ZnO film. 
ZnO films can also be grown by rf sputtering using compound ZnO target directly. The rf 
power applied to the plasma is tuned to regulate the sputtering yield rate from the ZnO 
target. For these experiments, the target is pre sputtered for 5–15 min before the actual 
deposition begins to remove any contamination on the target surface, make the system 
stable, and reach optimum condition [18]–[20]. 
 
Chemical bath synthesis: ZnO nanostructures can be synthesised chemically in aqueous 
solution. Various chemicals suchas zinc acetate dehydrate, zinc nitrate hexahydrate, 
hexamethylenetetramine, sodium hydroxide, H2O2, ZnCl2 and so on have been used in 
synthesis of ZnO nanocrystalline thin films with the sizes of nanostructures between few 
nanometres to few micrometres. Most of the synthesis processes produce hydroxide ions by 
reducing nitrate ions to form Zn(OH)2 by reacting with Zn
2+ ions. There are several 
advantages of using this aqueous solution process as it requires no sophisticated equipments. 
The synthesis is a low temperatures process (typically <= 100ºC), on large areas of the 
surfaces, at very low cost. ZnO thin films or nanostructures can be grown by this aqueous 
solution method on various substrates suchas polymers, glass and metals at a faster 
deposition rate. The material parameters such as particle size, thickness etc. can be 
controlled by varying the growth solution concentration, temperature and pH  [21]–[29]. 
 
 Electrochemical synthesis: ZnO nanostructures can also be synthesised by 
electrochemical deposition process. This method uses the reagents similar to those of 
chemical bath deposition process in an aqueous solution [30],[31]. This method has several 
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advantages: morphology and thickness can easily be controlled preciously by varying 
electrochemical parameters like electrolyte concentration, applied electric potential and 
deposition time. A high quality nanostructures or films can be synthesised uniformly over 
the large size substrate. The growth rate is much higher in electrochemical deposition 
process at low temperatures (80 0C) compared to that by chemical bath deposition method 
[1]. When a cathodic potential is applied between the electrodes, a current generated reduces 
the oxygen. In-turn, the hydroxide ions are generated, increasing the pH in the vicinity of 
cathode surface, leading to the formation of ZnO as per the equations mentioned below: 
  Zn2++ ½O2+ + 2 e
-  ZnO     (3.1) 
 To form a solid phase of ZnO, there are many possible electrochemical reactions 
involving either by reduction of ions present in the electrolyte, or by oxidation at the 
electrode with a subsequent anionic reaction to form a film. Indepth discussion for the 
growth mechanism and growth condition effects on ZnO nanostructures on aluminium 
substrates [31]–[33] is provided in chapter 4 and chapter 5. 
 
3.2.2 Synthesis of Pt nanoparticles on carbon supports  
The synthesis of Pt nanoparticles can be classified into a broader view as shown in 
Fig. 3.2. Among all the physical, chemical and biological processes, we mainly focus on the 
chemical process and they are discussed in the coming sessions.  
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Fig. 3.2: Classification of various synthesis techniques for Pt nanoparticles. 
Sol-gel Synthesis: The solution gel (or sol-gel) process is a wet chemical process, and is a 
very efficient and economical fabrication technique to synthesize platinum nanoparticles. 
In this process, the reactants present in the solution will progressively turn into a colloidal 
suspension of nanoparticles by hydrolysis of the mixture containing both solid and the liquid 
phase is the initial step.  Many research groups used  H2PtCl6.xH2O as the main Pt 
precursor[34] to synthesize Pt nanoparticles.  The process steps are as follow:  
(i) Hydrolysis: here the metal salts or  metal oxide gets hydrolysed in solution to 
produce a colloidal suspension;  
(ii) Poly condensation reaction: in this stage, the colloidal particles produced in the 
previous step will get linked together to form metal−oxygen−metal bonds to 
construct a three-dimensional (3D) network with increased viscosity which 
finally becomes a gel;  
(iii) Drying or calcination: the sol-gel obtained can be processed by various drying 
or calcination process to obtain the materials in different forms, such as nano 
particles, fibres,  powder, films, and so on depending on the application [34]. 
This technique can be used to obtain uniform size Pt nanoparticles with a decent 
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distribution. The parameters such as various precursor salts, concentration and 
calcination can affect nanoparticle size and the size distribution [34], [35]. 
 
Microwave assisted polyol synthesis method: This is a simple, fast and uniform 
distributed energy efficient method for synthesis of Pt nanomaterials with the assistance of 
microwave irradiation for heating. The microwave heating method has several advantages 
over conventional heating methods [36], [37]. The heat generated by the microwave 
irradiation is directly transferred to the analyte uniformly, which leads to a homogeneous 
nucleation with a short crystallization time [38]. Sakthivel et.al demonstrated that a basic 
house hold microwave oven can also be used as a heating source to synthesis highly 
dispersed Pt nanoparticles. A typical synthesis process is outlined in Fig. 3.3 below. The 
parameters such as salts concentration and pH value of the precursor play important roles 
in preparation of uniform distribution of Pt nanoparticles with various size ranges [36], [38], 
[39]. The detailed mechanism is explained in chapter 6. 
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Fig. 3.3: Microwave-assisted polyol process. 
 
Hydrothermal synthesis: This is a simple, surfactant-free, template-less and reproducible 
technique to synthesis a wide variety of Pt nanoparticles. In hydrothermal process, an 
aqueous solvent involves heterogeneous reaction under high pressure at high temperature. 
This process mainly uses a closed system similar to teflon lined autoclaves enclosed in a 
stainless steel container. The majority of nanomaterials fabricated by hydrothermal 
processes use H2PtCl6·xH2O as the precursor material for platinum [34].This method is 
more suitable in synthesis of larger quantity of Pt nanostructures, maintaining a good 
composition control. The morphology and composition can be varied by altering the 
precursors, concentration, temperature of the reaction and pH respectively. The need for 
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handing a high pressure and temperature conditions and also the observation of growth 
process are the disadvantages to this method [36], [39]. 
 
Chemical vapor synthesis: This is a widely used technique to deposit thin film coatings on 
the surface of substrates or to synthesis nanoparticles.  A typical chemical vapor synthesis 
process starts with vaporizing various Pt precursor such as [PtCl2(CO)2], 
bis(diketonato)platinum(II) complexes,  trimethyl(-diketonato)platinum(IV) and trimethyl 
-cyclopentadienyl)platinum(IV) containing desired metal elements [40]. The substrate 
sample is placed in the reaction chamber, where the vaporized precursor, along with the 
carrier gas and other gaseous reactants are introduced. The metallic film/ nano particles are 
deposited on the surface of the sample thermal decomposition [37], [41], [42]. The 
disadvantages of this process are the complicated process and sophisticated equipment, high 
cost, processed at high temperature and selection of precursor, as the by-product may release 
toxic gases [41], [42].  
 
3.3 Material characterisation techniques 
3.3.1 Scanning electron microscope  
Scanning electron microscopy (SEM) relies on the use of focused beam of electrons, 
which can produce high resolution of images to analyze surface morphology and chemical 
composition. The electrons are ejected from a filament typically the tungsten using 
thermionic emission in which the potential can be varied from 5 kV to 30 kV. When this 
electron beam hits the sample surface, a variety of signals is generated as shown in Fig. 3.4. 
These signals carry information about the surface morphology (secondary electrons) as well 
as chemical composition (Auger electrons and back scattered electrons) of the sample.   
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Fig. 3.4: Sample surface interactions on incident of an electron beam. 
 
In a conventional SEM, the signals contain secondary electrons, backscattered 
electrons (BSED), X-rays, visible light and heat. These signals impinge from a few nm to 
um; and the secondary electrons and the backscattered electrons provide information about 
the surface morphology by using a secondary electron detector. On the other hand, the 
diffracted backscattered electrons provide information to analyse the crystalline structure 
and orientations of chemical composition. X-ray signals are detected by using an energy-
dispersive X-ray spectroscopy (EDS) detector attachment. These X-ray emissions are due 
to interaction between the electron beam and the sample surface, which can analyse the 
chemical composition and presence/absence of specific element and its quantification[43]–
[45]. 
The planar and cross section morphologies of the thin films of present work were 
analysed by a HITACHI S-3400N type of SEM, with an additional analytical attachment of 
energy-dispersive X-ray Spectroscopy (EDS) (INCA EDS, Oxford Instruments).   
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3.3.2 Transmission emission microscopy   
Transmission electron microscopy (TEM) is a type of microscopy which can produce 
information about the structural properties of the specimen which includes chemical 
composition of materials, morphology of materials (crystal or amorphous), defective sites, 
crystal orientations etc. TEM produces images by focusing a beam of electrons which can 
interact with the atoms of the specimen which has a restricted thickness, often ultrathin 
about less than 100 nm.  
TEM is able to produce images at a higher resolution than the other microscopes, 
which owes to ultrashort wavelengths called as de Broglie wavelength of electrons which 
enables TEM in capturing fine images which is smaller as a single column of atom. The 
specimens for producing the TEM images can be prepared by the following techniques: 
mechanical milling, chemical etching, Ion etching, ion milling, replication etc. In this study, 
it was used to study the ZnO nanostructures and to analyze Pt nanoparticles sizes. The 
details are explained in chapter 4 and chapter 6.  
TEM comprises of several components such as vacuum system where the electrons 
migrate, a source of electron emission for generating the electron stream, electromagnetic 
lenses including electrostatic plates. The planar and cross section morphologies of the thin 
films of present work were analysed by FEI Tecnai TF20 FEGTEM Field emission gun 
TEM/STEM (Oxford Instruments INCA 350 EDX system/80mm X-Max SDD detector and 
Gatan Orius SC600A CCD camera) and JEM-2100F, equipped with a field emission gun 
and an Oxford Instruments INCA 350 EDX system/80mm X-Max SDD detector and Gatan 
Orius SC600A CCD camera. 
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3.3.3 X-ray Diffraction   
X-ray Diffraction (XRD) is a powerful and non-destructive method used to study the 
crystal orientation of a solid material using a parallelly-aligned X-ray beam with a 0.7 A0 
to 2 A0 wavelength range. This method also detect and quantify the chemical composition 
of the analyte to determine their grain size, orientation, strain and phase of the analyte [46]. 
The XRD diffraction occurs only when Bragg’s law is fulfilled and is given by 2d. sin(θ) 
= n.λ. where λ is the wavelength of collimated X-rays beam, d is the interplanar spacing,  
θ is the Bragg’s diffraction angle and n is an integer (n=1,2,3 …). As shown in Fig. 3.5 the 
basic principle is that when a collimated X-ray beam is illuminated on the sample surface, 
it interacts with lattice planes of the crystal and a constructive interference occurs based on 
the distance travelled by the X-ray beam between successive lattice planes. The diffraction 
patterns are plotted between intensity of the diffracted X-ray beam as a function of its 
diffraction angular position, with peaks generated at where Bragg’s condition is validated. 
In this work, XRD measurements were applied to provide information on the as-grown 
ZnO nanostructures in chapter 4, and on the Pt nanoparticles size in chapter 6. 
 
 
Fig. 3.5: Schematics basic principle of XRD. 
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3.3.4 X- ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a surface analytical technique, based on the 
use of photoelectric effect mainly used to study and analyze the chemical bonding, chemical 
compositions and the electronic states of the elements. The basic principle is that when an 
X-ray beam is imposed on the sample surface, the X-ray photon energy gets absorbed by 
the core electrons of the atoms present on sample surface. The X-ray penetrates through a 
few nanometers of the sample, then the core electrons also known as photoelectrons will be 
ejected back from the sample with certain kinetic energy (Ek). This phenomenon is referred 
as photoionization. The kinetic energy of these photoelectron can be calculated by using the 
equation: Eb = hυ –Ek-Wf, where Eb is the binding energy, Wf is the work function of the 
spectrometer and hυ is the incident photon energy [11], [12]. 
                             
                  Fig. 3.6: Schematics basic principle of XPS measurement [47]. 
 
In this work, the XPS measurements was carried out using Kratos Axis Nova XPS, 
equipped with monochromatic Al-Kα (hν=1486.6 eV) to investigate the surface 
composition for the as-grown ZnO materials and Pt-loaded carbon supports, and in-depth 
discussion is provided in chapter 4 and chapter 6.  
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3.3.5 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) measures the mass of an analyte as a function of 
temperature over a time in gas or vacuum environment. The equipment mainly consists of 
a sample pan and precision balancer (for measuring the weight change) enclosed in a furnace 
for heating/cooling during the analysis. The variations in the mass of the analyte due to 
various thermal events (such as, oxidation, reduction, decomposition, absorption and 
desorption) are studied on the application of predetermined thermal cycle to the analyte. 
The precision balance sends the change in weight signal along with analyte temperature and 
elapsed time to plot a TGA curve. SDT/TA Instrument 2960 Simultaneous DTA/TGA was 
used to estimate the presence of platinum nanomaterial present in the platinum-loaded 
carbon supports [48], [49], and is discussed in detail in chapter 4.  
 
3.3.6 Fourier Transform Infrared Spectroscopy (FTIR)  
 FITR is one of the fundamental instruments used in identification of specimen 
(organic or inorganic) and its composition by measuring the intensity of infrared radiation 
as a function of frequency or wavelength. When IR radiation is imposed on the specimen 
(solid, liquid or gasses), some of them is transmitted, some gets absorbed. An interference 
pattern converted to a spectrum representing a molecular fingerprint of the specimen is 
collected by the detector. Since dissimilar molecules produces different spectral 
fingerprints, this technique helps in identifying the specimen.  The morden FTIR 
instruments are computerized, which makes the process faster and more sensitive than 
previous dispersive instruments. 
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Fig. 3.7: Schematics basic principle of FTIR [50]. 
 
Fourier transform infrared spectroscopy (FTIR, Thermo Scientific IS10 Nicolet) were 
used to analyze the vibrational characteristics of the polymeric films and explained in detail 
in chapter 5 using.  
 
3.3.7 Differential scanning calorimetry  
Differential scanning calorimeter (DSC) is a fundamental tool in thermal analysis. 
The technique was developed by Watson and O'Neill in 1960. In this thermoanalytical 
technique, an amount of heat is required to raise the temperature of the analyte sample and 
a reference sample, and it is measured as function of temperature. Same temperatures are 
maintained for the sample and reference sample. The principle of DSC is when the sample 
undergoes a transition physically called as phase transition, a certain amount of heat will 
flow to the sample than that for the reference to maintain the temperature, which depends 
on endothermic or exothermic reactions. The thermal properties such as crystallization 
temperature, melting temperatures, heat of fusion, heat capacity, glass transition 
temperature can be detected using a DSC. DSC is distinguished into four different types, 
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which are Heat flux, Power compensated, Modulated, and Hyper DSC. The basic DSC 
experiment works by introducing energy into the pot sample cell and reference cell, and 
temperatures are raised simultaneously over time[51], [52] . This concept was used to 
estimate the crystalline phase of the polymer films in chapter 5 using TA Instruments DSC 
Q2000. 
 
3.4 Energy harvesting techniques for PENG and TENG devices 
The piezoelectric and triboelectric devices were fabricated for mechanical energy 
harvesting experiments. Fig. 3.8 (b) represents the schematic structure of the TENG device 
and if there is no spacer between the electrode/dielectric plates, it can be considered as a 
PENG device with the schematic shown in Fig. 3.8 (a). The two separated top and bottom 
electrodes/dielectric plates are glued to an acrylic sheet respectively for support and are 
stacked in parallel to each other with two arc shaped polyimide sheets or other structures 
were used as extensions for their separation in case of TENG and in the case of PENG there 
is no arc shape polyimide sheets. The TENG device is operated in the vertical contact 
separation mode in this study. 
 
                      
Fig. 3.8: Schematic device structure diagrams for device (a) PENG and (b) TENG for energy 
harvesting experiments. 
(a) 
(b) 
  
 
  76 
 
 
 
  The electrical measurements were carried out using a dynamic fatigue tester (Powil 
model YPS-1) for simulating the input mechanical energy in conjunction with an 
oscilloscope (Tektronix MDO3022) and a picoammeter (Keysight B2981A) for measuring 
output voltages and currents of the devices respectively as shown in Fig. 3.9. The fatigue 
tests can be operated at various loads in a range between 1 N-1000 N and at adjustable 
frequencies, allows for precise control over the impact load and frequencies. 
 
 
Fig. 3.9:  Typical setup for energy harvesting using piezoelectric and triobelectric nanogenerators. 
 
3.5 Electrochemical analysis Techniques 
3.5.1 Cyclic Voltammetry  
The measurement of electrochemical response of an electrode with respect to the 
applied voltage is called cyclic voltammetry (CV). The polarity of the working electrode 
will be reversed once the applied potential is reached and the corresponding currents at the 
working electrode will be plotted as a function of applied voltage. The efficiency of CV 
mainly depends on the sample under analysis and should possess good redox in the 
experimental potential window [53], [54]. The voltage on the working electrode is applied 
with respect to the reference electrode and the counter electrode potential is usually fixed. 
Fig. 3.10 shows a typical CV plot for Pt-loaded carbon back at a scan rate of 50 mV/s in 
0.1M KOH electrolyte.  
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Fig. 3.10: Typical cyclic voltammetry of Pt/C in an Ar-saturated in 0.1M KOH at 50 mV.s-1. 
 
This records the current response at the working electrode when the applied potential 
is swept between -0.8 V and 0.2 V vs SCE called as forward scan and reversed between 0.2 
V and -0.8 V vs SCE as reverse scan. The oxidation currents are observed in microampere 
(µA) order and vice versa represents the reduction currents. The CV plots are divided into 
three regions, called as H desorption region, double layer region and Pt oxide formation 
region as shown in Fig 3.10  Usually in the forward scan, as the potential increases the pre-
adsorbed H atoms on Pt nanoparticle surface are oxidized into H+ and desorb from Pt 
nanoparticle surface and further diffuse into the electrolyte. When the potential further 
increases, water starts to adsorb and detach from the Pt nanoparticle surface forming Pt-OH 
and continues to form Pt-O. On the other hand, on the backward scan, with decrease in 
potential reduces Pt-OH and Pt-O. The protons from the electrolyte are adsorbed on the Pt 
surface, when a potential is decreased to -0.6 V vs SCE. This process is known as H under 
potential deposition. The potential window between -0.61 V till -0.7 V the Pt surface is H 
and OH/O ions free area, where the current generation is mainly due to double layer 
capacitance. 
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Furthermore, the protons from the electrolyte are adsorbed by Pt surface and reduced, 
called the H desorption region. A double layer capacitance can occur due to large surface 
area of carbon black, which is assumed to be a horizontal in an ideal case can be subtracted 
and the charges in the H desorption or adsorption are integrated to generate the number of 
H atoms, which can be used for further calculation of the electrochemical active surface 
area for the analyte [54].  
   
3.5.2 Rotating disk electrode  
  The Fig. 3.11 (a) shows a typical rotating disk electrode (RDE), which is an alternate 
screening techniques used for the reactions involving mass transport, as construction of fuel 
cell device is expensive. [55]. A typical schematic of the rotating disk electrode and the 
electrochemical cell is shown in Fig. 3.11 (b) 
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Fig. 3.11: (a) Typical RDE setup and (b)Schematic of the electrochemical cell and rotating disk 
electrode. 
 
This RDE method is used to identify the difference between slow electrochemical 
activity of the catalyst and mass transport of the reacting gas, as this process involves gas 
reactants. This technique precisely quantifies the electrochemical activity of the catalysis. 
The flux of the gas to electrode sufrace is dependant on the intrinsic properties of the 
electrolyte solution and the rotation rate. By using Koutecky–Levich (K-L) equation, the 
number of electrons transferred per O2 molecule can be calculated [53]–[55].  
1
𝐼
=
1
𝐼𝐾
+
1
𝐼𝑑
=
1
𝐼𝐾
+
1
𝐵.𝜔1/2
                           (3.2) 
where I is the measured current, Ik and Id are the kinetic and diffusion-limited currents, ω 
the rotation rate in rad/sec, F the Faraday constant (96485 C/mol), C0 the concentration of 
O2 in the bulk solution (1.26×10
−3 mol/cm3)[56], D0 the diffusion coefficient of O2 
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(1.93×10−5 cm2/s) [56], [57], A the area of the electrode in cm2 and η  the kinematic viscosity 
of the solution (1.009×10-2 cm2/s) [56], [57]. 
𝐵 = 0.62𝑛𝐹𝐶0𝐴𝐷0
2/3
𝜂−1/6                            (3.3) 
 
3.5.3 Chronoamperometry    
The measurement of long term stability of an electrode to catalyze any reaction is 
called chronoamperometry. This method is mainly used to study the durability of the 
electrode by measuring current with respect to time. This process involves stepping up of 
the onset potential and maintaining it constant for a period of time. The resulting current at 
the working electrode is measured as a function of time as shown in Fig. 3.12. The analyte 
at the electrode surfaces is consumed and forms a concentration gradient on application of 
an onset voltage. Increase in consumption of the analyte will lead to relaxation of the 
concentration gradient and subsequently the current decays with respect to time [53]–[55].  
 
Fig. 3.12. Typical chronoamperometry of PtCB at -0.14 V in 0.1M KOH. 
 
3.6 Summary 
In summary this chapter provides aspects of synthesising ZnO and Pt nanomaterials 
using various deposition techniques. Further the techniques used for characterisation of their 
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fundamental properties such as their microstructure, surface morphology and crystallinity 
are discussed in detail. Also, a range of techniques used to characterize their electrochemical 
and piezo/tribo electric properties are explained with the help of detailed schematics. 
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CHAPTER 4  Electrochemical growth of ZnO 
nanostructures and its characterisation 
 
 
 
4.1 Introduction 
Over the past decade, various one (1-D) and two dimensional (2-D) zinc oxide (ZnO) 
nanostructures with diverse morphologies have been synthesized and studied intensively 
due to their exceptional electronic, piezoelectric properties and the resulting potential 
applications [1]. The 2-D ZnO nanomaterials such as nanosheets, nanoplatelets [2] possess 
exceptional optical, semiconducting and piezoelectric properties, lagre surface to volume 
ratio at nanometer-scale thickness with good mechanical stability, and thus have been 
utilized for the fabrication of ultraviolet laser devices, field emission devices, photonic 
crystals, solar cells, and in particular, piezoelectric nanogenerators for energy harvesting 
[1]–[6].  The nanogenerators made of piezoelectric nanomaterials were first realized in 2006 
by Wang and his team [6]. These nanogenerators can convert mechanical energy (vibrations, 
ultrasonic waves and sound etc.) to electric energy, providing a way for the development of 
self-powered sensors, electronic devices and portable systems [7]. Since then, it has 
attracted substantial attention from the research community as well as public. One of the 
key issues for the successful development of high performance piezoelectric nanogenerators 
is the synthesis of high quality piezoelectric nanomaterials. The growth of ZnO 
nanostructures can be achieved via various methods such as hydrothermal synthesis [2], [8], 
[9], electro-deposition [3], [4], [10], microwave-assisted [11], chemical vapor deposition 
[12] and thermal evaporation routes [13]. Among them, the electrodeposition method has 
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been deemed to be more favourable for the growth of ZnO nanosheets due to its simple and 
low temperature growth technique (~ 60 °C to ~100 °C), facile growth conditions and strong 
crystal orientation effects, and excellent capability to grow on various flexible and soft 
substrates such as polyimide and metal foils. ZnO nanosheets have also been successfully 
grown on various substrates such as Si, glass, indium tin oxide (ITO) coated glass and so 
on [8], [9]. It is important to note that, in most of the deposition techniques mentioned above, 
an additional seed layer has to be employed, which promotes the nucleation for growth of 
nanostructures by reducing the thermodynamic barrier. Although it is a promising 
technique, it has shortcoming in terms of the need for high temperature annealing to 
recrystallize ZnO seed layer, which may introduce impurities and increases the thermal 
budget, restricting its applicability, particularly for the growth on polymer substrates [14]. 
As such, seedless deposition process has been tried for further development, and the efforts 
for this seedless deposition technique have been made to possibly enhance the piezoelectric 
properties of the ZnO nanostructures grown. From literature, this can be realized by doping 
the ZnO nanosheets with suitable impurities such as Al, Ga, In, B [15], [16]. As a result, 
specific defects and impurities are created in the ZnO nanosheets which play a crucial role 
in enhancing the piezoelectric characteristics of ZnO nanosheets by the morphological and 
electronic structural change. Doping ZnO nanosheets with Al was found to obtain as 
honeycomb-like pattern, intertwined and c-axis perpendicular to the substrates [2], [5], [17], 
that are particularly suitable for the fabrication of high performance piezoelectric 
nanogenerators. 
Commercially available Al foils and plates are readily available at a low cost and if 
these Al foils can be utilized for the growth of ZnO nanomaterials, particularly the ZnO 
nanosheets with enhanced piezoelectric properties, then it would open the door for 
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widespread applications of the ZnO nanomaterials in piezoelectric devices and 
microsystems. Al coating on a substrate has been utilized for the growth of ZnO 
nanostructures, and produced high piezoelectric properties owing to the Al doping in the 
ZnO nanostructures and the layered double hydroxide (LDH) layer. If Al foils are used for 
the growth of ZnO nanosheets, then the Al foil substrate could act as a substrate for growth 
as well as the Al doping source for the growth of Al-doped high piezoelectric property ZnO 
nanosheets. For the proposed piezoelectric nanogenerator application, the Al foil 
additionally can also be used as the bottom electrode directly for electronic contacts. To the 
best of knowledge, there is no report on the use of Al substrate for the growth of ZnO 
nanosheets by the low-temperature electrodeposition method, and thus it motivated the 
investigation on the growth of ZnO nanosheets on Al substrates by electrodeposition 
method.  
The chapter details the electrodeposition of ZnO nanosheets on Al foils and the effects 
of growth conditions such as chemical concentration, bath temperature, and growth time on 
the properties of ZnO nanosheets are investigated thoroughly. The parameters were 
optimised to grow ZnO nanosheets that exhibit the suitable and optimal properties for 
fabricating high performance piezoelectric nanogenerators. For comparison, ZnO 
nanosheets are also grown on other conducting substrates like Cu foil and ITO-coated glass 
substrate. 
 
4.2 Experimental 
4.2.1 Materials and electrodeposition setup for ZnO nanosheet growth 
Hexamethylenetetramine (HMTA) (99.9% purity) and zinc nitrate hexahydrate 
Zn(NO3)2·6H2O (99.9% purity), 0.5 mm thick Al foil,  0.5 mm thick Copper (Cu) foil and 
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Indium-doped tin oxide (ITO) were purchased from Sigma Aldrich and used as obtained 
without further purification. The ZnO nanosheets were synthesised via the electrodeposition 
technique using a CHI601D potentiostat (CHI 601D, CH Instruments, USA) and a perspex 
made electrochemical cell utilising a three-electrode setup as shown in Fig. 4.1.  
 
Fig. 4.1: Electrochemical deposition setup. 
 
For the electrodeposition process, a 2 x 2 cm2 Al foil, Cu foil or ITO-glass was used 
as the working electrode, whereas platinum (Pt) wire and saturated calomel electrode (SCE) 
were used as the counter and reference electrodes, respectively. Prior to electrodeposition, 
the working electrodes were cleaned in an ultrasonic bath for 10 mins each with acetone, 
isopropanol and deionised (DI) water, respectively, followed by drying in air. The 
electrolyte solution was prepared by dissolving equimolar concentration of 0.025 M zinc 
nitrate hexahydrate and HMTA in DI water with pH ~ 5.7 to grow ZnO nanostructures [2], 
[10]. During the growth process, the electrochemical cell comprising the electrodes and 
electrolyte was submerged into a hot water bath kept at 70 °C. The distance between the 
working electrode and counter electrode was ~5 cm [3], [18] and a constant potential of -
0.7 V was applied for 4 hr. During the deposition to ensure homogenous distribution of 
precursors, the electrolyte solution was stirred constantly at low speeds. At the end of the 
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process, the substrates were rinsed with DI water to remove any residual salts present and 
then dried in air. After the deposition process the substrates were appeared to have a white 
colour residue on the top, indicating the deposition of ZnO nanostructures. 
 
4.2.2 Fabrication of piezoelectric nanogenerators  
The as-prepared ZnO/Al nanosheet structures were used as a bottom electrode for the 
preparation of piezoelectric nanogenerators. The PENG device (2 x 2 cm2) was assembled 
with the Al foil acting as the bottom electrode, ZnO nanosheets layer as the piezoelectric 
layer, and ITO deposited on Polyethylene Teraphthalate (PET) as the top electrode as shown 
in Fig. 4.2. For both the electrodes, the substrates were cut so as to allow for small extensions 
for making the external electrical connections. The assembled device was then enclosed in 
a self-adhesive polyurethane based tape to ensure mechanical stability.  
 
Fig. 4.2. Schematic fabrication of PENG device. 
 
4.2.3 Material characterisation and testing 
The film properties, such as surface and cross-sectional morphology of the samples, 
were analysed using a Hitachi S-3400N SEM equipped with an Oxford Instruments INCA 
EDS system. Transmission electron microscopy imaging and analysis were performed on a 
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JEM-2100F, equipped with a field emission gun and an Oxford Instruments INCA 350 EDX 
system/80mm X-Max SDD detector and Gatan Orius SC600A CCD camera. For TEM 
analysis, the ZnO nanosheets were scraped off from the substrate into ethanol and 
ultrasonicated for 5 min after which a small volume was drop dried onto a holey carbon 
coated copper grid for imaging [2].  The X-ray diffraction studies were performed on 
Bruker, D8 Advance X-ray powder diffractometer using Cu-Kα radiation (λ=1.5418Å). X-
ray photoemission spectroscopy analysis was carried out on Kratos Axis Nova XPS, 
equipped with monochromatic Al-Kα (hν=1486.6 eV). The calibration of binding energy 
was carried out to C1s binding energy of 285.0 eV for adventitious carbon. The piezoelectric 
response of the samples was investigated by piezoresponse force microscopy measurements 
using the MFP-3D™ AFM from Asylum Research (USA). Electrically conducting Pt/Ir-
coated SCM-PIT probe with a resonance frequency of 100 kHz and a spring constant of 2.8 
N/m were utilised for PFM imaging and further analysis was carried out using vendor 
provided Igor Proanalysis software.  A drive voltage of 3V was utilised for the 
measurements.  
The electrical measurements for the PENGs were carried out using a dynamic fatigue 
tester (Powil model YPS-1) in conjunction with a Tektronix MDO3022 oscilloscope and a 
Keysight B2981A picoammeter. The fatigue tester was operated at various cyclic loads 
between 1-1000N and various frequencies between 1-9 Hz and alloed for precise control 
over the cyclic load and frequencies.  
 
4.3 Results and discussions 
The cathodic electrochemical deposition process for ZnO nanomaterial growth is one 
among the prominent techniques due to reasons such as low-temperature process, high 
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deposition rate, low cost, simplicity, suitability for large area deposition and high 
repeatability [3]. The synthesis of ZnO nanomaterials were carried out at a low voltage (~0.7 
V) or very low currents on various conducting substrates. With the increase in voltage, the 
increase in the nucleation sites deposition for growth of ZnO nanostructures, which further 
leads to deposition of uncontrolled growth of nanosheets [19]. As mentioned above, the 
ZnO nanosheets were deposited on three different substrates (a) copper, (b) aluminium and 
(c) ITO with the morphologies shown in Fig. 4.3. The Cu and ITO substrates do not react 
with ZnO growth solution, hence it can be observed that there is limited ZnO nanomaterial 
growth on Cu substrate, not even to cover a third of the surface area of the substrate. The 
nanomaterials grown are ZnO nanorods that are not the best structure for energy harvesting 
applications as compared to ZnO nanosheets, as the nanorods obtained do not produce 
higher polarization on application of force for energy harvesting and have lesser surface 
area as compared to the nanosheets. On the other hand, it can be seen in Fig. 4.3(b), dense 
ZnO honeycomb nanostructures were grown on the Al substrate with the whole surface area 
fully covered. For that on the ITO substrate, dense and large size ZnO nanorods were 
randomly deposited as shown in Fig. 4.3(c), and covered the whole area as well.  The 
difference in morphology appeared can be mainly attributed to presence of Al metal, which 
reacts with the growth solution with the details discussed in the coming sections. From 
literature, the ZnO nanosheet structures on Al substrates possess better piezoelectric 
properties, and are more suitable for energy harvesting applications [5], therefore this 
chapter will mainly focus on the characterisation of ZnO nanosheet materials hereafter.  
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Fig. 4.3: ZnO nanosheets grew on (a) Copper substrate, (b) Aluminium substrate and (c) ITO 
substrate. 
 
During the electrochemical synthesis, a layered double hydroxide (LDH) layer is 
formed on the surface of Al substrate by the fundamental reaction occurring at the working 
electrode (cathode) surface and is followed by the formation of ZnO by electro-generation 
of the base (OH-) and the subsequent electro-precipitation in presence of Zn+ in the solution 
[3], [20]. This can be represented by the following chemical equations:  
½O2+ H2O+ 2e
-  2OH-     (4.1) 
Zn2++2OH-  Zn(OH)2      (4.2) 
The growth of ZnO nanostructures follows a two-stage process of nucleation and 
growth. In the nucleation phase, rapid decomposition of the group of molecules results in 
formation of particles and the combination of these results in growth of a certain thickness 
ZnO nanostructures via heterogeneous reactions occurring on the surface of the substrate. 
The grown layer acts as the seed layer for further deposition of ZnO nanostructures. The 
source for hydroxide ions generated from the electrochemical process and the 
hexamethylene present in the solution is consumed during the growth of ZnO nanosheets 
and the following reactions occur during this process,  
(CH2)6N4 + 6H2O  6HCHO + 4NH3   (4.3) 
NH3 + H2O  NH4++ OH-     (4.4) 
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2OH- + Zn2+  Zn(OH)2     (4.5) 
Zn(OH)2  ZnO(s) + H2O     (4.6)  
Al3+ + OH-  Al(OH)3 + OH-  AlO-2    (4.7) 
The Al substrate plays a significant role during the electrochemical reaction as Al 
cations tend to react with Zn cations as reported by Ishikawa et al. [21]. The surface of Al 
substrate initially is oxidised to Al3+ and then forms AlO-2 in the electrolyte solution. This 
step is followed by the absorption of AlO-2 by Zn
2+ during the growth process. This slows 
down the growth of ZnO along [0002] orientation, resulting in formation of a network-like 
honeycomb structure as seen in Fig. 4.3(b) [18], [22]. It is also evident that the growth 
difference is observed between ZnO nanosheets and nanorods as shown in Fig. 4.4 (b) and 
(d), which is in good agreement with the literature [5].  Besides the better piezoelectric 
properties, it has been reported that the ZnO nanosheets provide more mechanical stability 
due to its morphologically interconnected structure on application of large external 
mechanical loads (80 N) [5].   
To further understand the relationship between the electrolyte concentration and 
microstructure of the ZnO nanosheets, subsequent optimisation was carried by varying the 
chemical concentration of the growth solution (0.025M, 0.05M and 0.1M) with all other 
parameters kept constant. It can be observed that as the chemical concentration of 
Zn(NO3)2·6H2O and HMTA in the growth solution increases, the spacing between the ZnO 
nanosheets decreases dramatically  as shown in Fig. 4.5. This is attributed mainly to a 
possible densification of the nucleation sites on the substrate, leading to the merging of 
nanostructures with each other. Hence we choose the 0.025M solution to grow ZnO/Al 
nanostructures for the development of PENG devices, as its morphology provides more 
edge sites in comparison with others. The typical cross-sectional thickness of ZnO 
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nanosheet and ZnO nanorods were ~6.84 m and ~ 7.83 m as shown in Fig. 4.4(b) and 
Fig. 4.4(d).  
 
Fig. 4.4: SEM top view image (a) and cross-sectional view (b) of the ZnO nanosheets grew on an 
Al sheet at 0.025M concentration (c) and cross-sectional view (d) of the ZnO nanorods grown on 
ITO substrate at 0.025M concentration. 
 
 
Fig. 4.5: ZnO nanosheets grown on Al foils at different chemical concentrations: (a) 0.025 M, (b) 
0.05 M, and (c) 0.1M. 
 
The 2-D nature of the ZnO nanosheets is further confirmed by the high magnification 
TEM images as shown in Fig. 4.6(a). The HR-TEM image recorded for the single ZnO 
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nanosheet shown in Fig. 4.6(b) is indicative of the polycrystalline nature of ZnO nanosheets 
[2], [16], [18]. The polycrystalline nature of ZnO nanosheets can also be revealed by 
observing the selected area electron diffraction (SAED) pattern on ZnO nanosheets as 
shown in Fig. 4.6(c). It should be mentioned that during imaging, some electron beam 
induced damages were observed on the sample. The measured lattice spacing (d-spacing) 
values was found to be 0.271 nm. This corresponds to the interplanar spacing of (01̅10) 
planes in ZnO as shown in Fig. 4.6(b), indicating that the growth of ZnO nanosheets is c-
axis perpendicular to the substrate. Furthermore, the presence of Zn, Al, O elements is clear 
from the EDS measurements recorded on ZnO nanosheets as shown in Fig. 4.6(d), 
confirming Al doping in the ZnO nanosheets. The presence of Cu can be attributed to the 
carbon-coated copper grid for the TEM analysis [2]. 
 
 
 
Fig. 4.6: TEM images of ZnO nanosheets: (a) High magnification image, (b) HR image (fast fourier 
transform (FFT) image of the corresponding HR image in the inset), and (c) SAED pattern and (d) 
EDS of corresponding TEM image. 
(b) 
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Fig. 4.7: XRD analysis for ZnO nanosheets. 
 
The XRD patterns for the ZnO nanosheets were recorded and used miller indices for 
labelling lattice planes as shown in the Fig. 4.7. The observed characteristic diffraction 
peaks at 38.55 and 44.73 degrees can be attributed to Al(111) and Al(200) from the Al 
substrate. The peaks at 2θ = 31.96 (100), 34.62 (002), 36.45 (101), 47.75 (102) and 56.7 
(110) are attributed to the diffraction peaks from ZnO, which confirms the formation of 
ZnO. In addition to these planes, an additional plane of ZnO_Al.LDH is also observed and 
are similar to the observations reported in the literature [2], [5], [23]. The peaks attributed 
to ZnO_Al.LDH at 2θ are at 10.015 (003), 20.01 (006) and 33.86 (012). This confirms the 
presence of Al in the ZnO nanosheets and LDH layer.  
The XPS analysis was carried out to ascertain the distribution and oxidation state of 
Al in ZnO nanosheets. The XPS wide energy survey scan for ZnO nanosheets is shown in 
Fig. 4.8(a), confirming the presence of Zn, O and Al besides C element, which can be 
attributed to the absorption of adventitious carbon from ambient environment.    
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Fig. 4.8: XPS analysis for ZnO nanosheets (a) Wide energy survey scan, with inset showing Al 2p 
core-level spectrum, (b) Zn 2p spectrum, (c) O 1s core level spectrum and (d)  De-convoluted O 1s 
core level spectrum. 
 
                               Table 4.1:  XPS elemental quantification  
Element Atomic percentage (%) 
Al 8.04 
Zn 8.79 
C 27.51 
O 55.66 
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The high-resolution XPS spectrum for Al 2p core-level is shown in the inset of Fig. 
4.8(a) with a peak located at 74.3 eV. This is similar to the reported values from the 
literature, indicating that Al elements have successfully been incorporated into ZnO lattice 
structure [24], [25].  The high-resolution XPS spectrum for Zn 2p is depicted in Fig. 4.8(b), 
showing a doublet pair with binding energies at 1021.5 and 1044.6, corresponding to Zn 
2p3/2 and Zn 2p1/2, respectively. In literature, the peak values obtained for the Zn 2p for ZnO 
nanorods were located at around 1019.4 eV and 1042.4 eV [24]. Comparing with those in 
literature, it is clear that there is a positive peak shift mainly due to Al3+ cations penetrating 
into the ZnO lattice and substituting the Zn2+ cations [23], [24], [26]. The O1s high-
resolution spectrum is shown in Fig. 4.8 (c), showing the peak position at 531.8 eV. This 
peak can be further deconvoluted into three Gaussian peaks as shown in Fig. 4.8 (d) [24], 
[27], [28]. The O2- ions associated with ZnO lattice can be attributed to the lower binding 
energy of O1s peak which is located at about 530.2 eV. The peak located at about 531.8 eV 
can be ascribed to the oxygen defects caused by oxygen vacancies present within the ZnO 
matrix. The third peak nearby 533.0 eV can be attributed to the loosely bound oxygen 
species such as hydroxyl species on the surface of ZnO lattice [23]–[28]. This provides the 
evidence that the ZnO nanosheets were self-doped with Al elements.   
The piezoresponce microscopy has become a standard method to investigate the 
piezoelectric properties of materials. This technique is based on applying an AC signal to 
the PFM tip and the bottom electrode of the substrate for detection of local vibrations. This 
technique was used to measure the piezoelectric coefficient and indicative polarisation 
direction for the ZnO nanosheet samples. Fig. 4.9 shows the PFM amplitude and PFM phase 
of the ZnO nanosheet. The amplitude of the piezoelectric signal is related to the 
piezoelectric coefficient (electromechanical coupling) of ZnO nanosheet, while the phase 
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of the signal reflects the polarisation direction or the orientation of the domains. The PFM 
amplitude signal is given by:  
A=d33VacQ      (4.8) 
where d33 is the piezoelectric strain coefficient, Vac is the driving voltage (3 V), and Q is the 
quality factor [29]. The ZnO nanosheets show a piezoelectric coefficient of -41 pmV-1, 
which is comparable to the values reported in the literature for similar type of materials and 
is much higher than that for bulk ZnO (9.93 pm/V) [30]. The ZnO nanosheet values 
observed were notably higher than that of ZnO nanobelts (26.7 pm/V) produced by Wang 
et al.[21]. The values obtained were 4 times higher than ZnO nanorods reported by 
Scrymgeour et al. [31]. This  large d33 piezoelectric coefficient values for ZnO nanosheets 
is attributed to the nanoscale dimensions of the (0002) oriented ZnO nanosheets [32].  
    
Fig. 4.9: (a) PFM amplitude image and (b) PFM phase for ZnO nanosheet. 
 
4.4 Characteristics of ZnO nanosheets-based PENG devices  
The sandwich-like PENG devices were fabricated with the ZnO nanosheets in the 
middle sandwiched by two electrodes (Al and ITO) with the schematic device structure 
shown in Fig. 4.2. The output voltage (VOC) and short-circuit current density (Jsc) of the 
devices were measured at variable force ranging from 20 N to 80 N at a constant 5 Hz impact 
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frequency, with the results shown in Fig. 4.10(a, c). Both the Voc and Jsc show a modest 
dependence on the applied force wherein the Voc is increased from ~ 0.3 V (at 20 N) to ~ 
0.7 V (at 80N) with the corresponding Jsc increased from ~ 0.2 mA/cm2 to ~ 0.5 mA/cm
2, 
respectively. As a function of variable frequency (1- 9 Hz, at 50 N applied force, Fig. 4.10 
(b, d)), the corresponding Voc value is increased from  ~ 0.3 V to ~ 1.0 V, while the Jsc 
value is increased from ~ 0.01 mA/cm
2
 to ~ 0.1 mA/cm
2, respectively. A comparative output 
performance with the literature is summarized in Table 4.2.  
 
Table 4.2: A comparison ZnO nanostructured based nanogenerators with their corresponding output 
performance.  
Nanogenerator 
material 
Metal Substrate Mechanical 
loading 
force [N] 
Open-circuit 
voltage [V] 
Short 
circuit 
current 
[µA] 
Ref 
ZnO nanosheets Al and 
ITO 
Al 80 ~0.7 to 1  0.022 (0.5 
mA.cm-2) 
This 
work 
ZnO NWs ITO 
and Al 
Silicon 100 37 12 [33] 
ZnO NWs Al Silicon 1.5 0.06 - [34] 
ZnO film AZO Ecoflex - 1 1 x 10-4 [35] 
ZnO NWs Cr/Au Polyester - 5 0.3 [36] 
ZnO NWs Au 
and Al 
PDMS 13 9 0.5 [37] 
ZnO nanoflakes Au PDMS 7 130 37 µAcm-
2 
[38] 
ZnO nanosheets Au, 
Al 
polyether- 
sulphone 
9.8 0.44 6.5 
µAcm-2 
[5] 
 
 
The generation of piezoelectric signal is attributed to a possible combined effect of 
self-formed anionic LDH layer, buckling behaviours of ZnO nanosheets and coupled 
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properties of piezoelectric and semiconducting nature of ZnO nanosheets [5]. At the 
interface between ITO and ZnO nanosheets, a Schottky contact is formed owing to the 
higher work function of ITO   (4.9 eV) than the electron affinity of ZnO nanosheets (4.2 
eV) [39].  On the other hand, the Al and ZnO nanosheets work functions are similar, ~4.2 
eV, so that it is more likely to form an Ohmic contact [39]. When an external force is applied 
to the ZnO nanosheet based nanogenerator, these nanosheets buckle and generate a 
piezoelectric potential. A negative potential is induced on the compressed side on the ZnO 
nanosheets and vice-versa. This potential generated will be used in storing the charges in 
the LDH layer from ZnO nanosheets. The positive charges present in the LDH layer facing 
ZnO nanosheets will be compensated by spare electrons from ZnO nanosheets. The same 
amount of negative charges develops at the ZnO nanosheet and LDH layer interface. Thus 
a strong potential difference is developed, leading to the voltage pulse as shown in Fig. 4.10 
[39], [40]. There will be no further rise in the potential after the force is held constant for a 
short period. Here the electrons move from the Al electrode and reach the top electrode 
(ITO). Due to the Schottky barrier at the contact between ZnO-ITO interfaces, the electrons 
cannot pass through. Thus electrons are accumulated on the ITO surface [17]. When the 
ITO electrode is moved upwards by releasing the applied force, these accumulated electrons 
on the ITO can flow through. This potential can be utilized as the voltage source through an 
external circuit [5], [39], [40].    
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Fig. 4.10: (a) & (c) Open circuit voltage (Voc) of ZnO/Al sample being operated at various impact 
forces (at a constant 5 Hz working frequency), and (c) & (d) short-circuit current densities (JSC) of 
Al/ZnO sample being operated at various working frequency with a constant 50 N  impact force. 
 
4.5 Summary 
In summary, a comparison of ZnO nanosheets synthesized on Al, ITO and Cu substrates 
by low-temperature electrodeposition growth method has been conducted. In addition to the 
ZnO nanosheet growth, there is an addition interface layer of LDH layer formed prior to 
ZnO nanosheet growth. As Al is more active as compared to Zn, Al gets oxidised forming 
AlO-2 in the growth solution, which allows the formation of a network-like honeycomb 
structure possessing more edge sites and being more suitable for fabricating PENG devices. 
Furthermore, the effect of chemical concentration on the morphological changes of ZnO 
nanosheets on Al substrate was investigated and the growth conditions were optimized. The 
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piezoelectric coefficient was found to be -41 pmV-1, much higher than those of bulk ZnO 
and other ZnO nanostructures reported. Finally, the PENG devices were fabricated using 
the optimized ZnO nanosheets and tested at various applied forces and operating 
frequencies. A maximum Voc and JSC values of ~0.7 V and a current density of ~0.50 mAm
-
2 were obtained at 80 N applied force. The results show that the optimal electrodeposition 
process has been obtained, and the ZnO nanosheets possess high piezoelectric properties, 
and suitable for the fabrication of piezoelectric nanogenerators for harvesting abundant 
mechanical energy.  
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CHAPTER 5  Significant triboelectric enhancement using 
interfacial piezoelectric ZnO nanosheet layer 
 
 
5.1 Introduction 
Significant development in technologies has made electronic systems smaller, faster, 
portable and highly energy efficient [1]. Since the typical power consumptions for such 
electronic systems are very low, it is feasible to power these electronic systems with 
batteries or portable power sources. Recently, emphasis is being placed on advancing the 
existing energy harvesting techniques to realise self-powered and battery-free systems [1]. 
To this effect, various micro-energy sources and storage architectures have been developed 
such as fuel cells, photovoltaic cells, super capacitors, piezoelectric nanogenerators (PENG) 
and more recently, triboelectric nanogenerators (TENG) [3], [4]. The TENG devices have 
gained special attention for self-powered electronics and remote sensing network 
applications owing to their unique advantages, including simple device fabrication, cost 
effective materials, high efficiency and large output power [5], [6].  
The principle of TENGs is to utilise charges that are generated on the surfaces of two 
dissimilar materials in contact through electrification and electrostatic effects. It is believed 
that chemical bonds are formed between some parts of the two surfaces of the materials in 
contact by moving charges to equalise the electrochemical potential. When separated, some 
of the bonded atoms either give away electrons or gain extra electrons, which produce 
triboelectric charges on the surface of the materials. When two dissimilar dielectric 
materials carrying opposite triboelectric charges make a relative motion, an electric 
potential difference is produced. This electric potential difference moves charges through 
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the conductive back metal electrodes of the TENG and external circuit, thus powering the 
connected device or system [1], [5]. Current efforts for enhancing the conversion efficiency 
and output performance of TENG [6], [7] mainly focus on the enhancement in the 
triboelectric charge density (σ) via the following methods:  
(i) judicious selection of suitable triboelectric materials with large difference in 
their triboelectric polarities;  
(ii) enhancement of the effective contact area of the triboelectric materials by 
surface functionalisation [7], silicon template based micro/nanopatterning [1], 
[9], introduction of inorganic/organic nanostructures [4] and finally,  
(iii)  enhancement of charge density via charge injection/polarisation by addition of 
piezoelectric additives and production of hybrid piezoelectric/triboelectric 
structures [9].  
In fact, the simulation analysis carried out for enhanced power output observed for 
the combined piezoelectric, triboelectric systems has revealed the following coupling types  
[10], [11], [12]:  
(i) addition of electrostatic charges directly onto the piezoelectric material surface through 
contact with another material to enhance the piezoelectric potential difference [10]; 
(ii) by utilising a single common electrode between triboelectric and piezoelectric parts of 
the device, thus adding the triboelectric charges onto the piezoelectric electrode and 
improving the power output [11], [12];  
(iii) through rational structure design, developing a single device structure capable of 
generating both piezoelectric and triboelectric outputs in a single press and release cycle 
[13], [14].  The rational structure design is used in this chapter for TENG device fabrication 
as the ZnO nanosheet layer and the ZnSnO3-PVDF are arranged in a such a pattern, where 
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by a single press both piezoelectric and triboelectric outputs can be realised, thus to enhance 
the total output of the device. 
Polyvinylidene fluoride (PVDF), owing to the presence of strong electronegative 
fluorine groups, is an excellent choice for introducing simultaneous piezoelectric and 
triboelectric effects. The material not only demonstrates strong negative triboelectric 
properties, but also displays polarisation effect which increases the triboelectric charge 
density on the surface as demonstrated by a number of previous works [6], [15], including  
Soin et al.[16]. The polar β-phase PVDF forms a planar zigzag (TTT) structure which 
creates an organised crystal, allowing a higher packing density with the alignment of the 
charged fluorine atoms producing a net polarisation [16].  Thus, the use of PVDF with high 
crystallinity and β-phase content could further improve the performance of the TENGs as 
demonstrated by Soin et al. [16]. Zinc oxide is a unique semiconducting, piezoelectric 
material with diverse nanostructured morphologies and has recently attained substantial 
interests for the fabrication of energy harvesting devices [3], [18], [19]. Owing to its simple 
and low-temperature growth techniques, facile growth conditions, strong orientation effects, 
excellent flexibility and bio-compatibility, ZnO nanostructures have been utilised widely 
for PENG and TENG applications [3], [4], [6], [19]-[21]. Unlike PVDF, whose piezoelectric 
properties arise due to the presence of polar β-phase, the piezoelectric properties of ZnO 
nanostructures are attributed to the coupling of its piezoelectric and semiconductor 
properties. The incorporation of ZnO nanostructures was found to have a significant effect 
on enhancing the performance of TENGs via a combination of triboelectric and 
piezoelectric effects [4]. In previous work it has been reported by Soin et al. the 
enhancement of power output of TENGs via the incorporation of piezoelectric zinc stannate 
(ZnSnO3) in dielectric PVDF matrix [16]. However, it is known that the mixing of high 
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surface area nanomaterials is inherently difficult in a high viscosity polymer melt, and as 
such the random distribution and orientation of resulting ZnO, ZnSnO3 nanomaterials can 
potentially hamper the polarisation induced charge density. On the other hand, ZnO 
nanomaterials grown on a substrate with aligned (0002) crystal orientation along the contact 
force direction are expected to have a better effect on the performance of TENGs.    
This chapter focuses on utilising an interfacial layer consisting of well aligned 
piezoelectric ZnO nanosheets for enhancing the power output of PVDF/PA6 based TENGs. 
The aluminium substrate acts both as the substrate for the seedless growth of ZnO 
nanosheets and as the charge collector electrode. Further deposition of fluoropolymer 
membranes comprising of PVDF or ZnSnO3-PVDF by phase-inversion technique on these 
ZnO/Al substrates provides the triboelectric negative substrates. The phase-inversion 
polyamide (PA6) membrane provides the judicious triboelectric positive substrate, thus 
completing the face-to-face configuration of the vertical contact-mode TENG. Our results 
show that the use of well-aligned ZnO nanosheets as the interfacial piezoelectric layer can 
significantly improve the charge and power density with values of up to 100.6 µC/m2 and 
~1.8 W/m2, as compared to 77.4 µC/m2 and ~0.11 W/m2 for pristine samples without the 
interfacial ZnO, respectively. This enhancement is mainly attributed to the high charge 
density induced by the polarisation of ZnO nanosheets under the compressive force.   
 
5.2 Experimental  
5.2.1 Materials 
The TENG consists of materials with opposite triboelectric polarities. By observing 
the triboelectric series, it can be observed that polyamide tends to lose electrons, while 
fluoropolymers such as PVDF have a strong ability to gain electrons, and thus the 
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PVDF/PA6 combination represents a judicious selection of materials. The PA6 membrane 
was used as the positive side material, and PVDF or PDVF incorporated with ZnSnO3 
nanomaterial (ZnSnO3-PVDF in short hereafter) on ZnO nanosheets was used as the 
negative side material to fabricate TENGs, with the schematic device structure shown in 
Fig. 5.1.  
Polyamide-6 (PA6, TECHNYL 1011R) was obtained from Rhodia Polymers Ltd, 
PVDF (SOLEF 1006) from Solvay Solxeis Ltd and ZnSnO3 nanocube powders (Flamtard 
S, approximate size 400-500 nm) were obtained from William Blythe Ltd (U.K.), 
respectively. Aluminium sheet, zinc nitrate hexahydrate Zn(NO3)2·6H2O (99.9% purity) 
and hexamethylenetetramine (HMTA) (99.9% purity) were purchased from Sigma-Aldrich. 
For the preparation of 5 wt% ZnSnO3-PVDF composites, the samples were prepared using 
high-speed twin screw compounding process for a homogeneous distribution of ZnSnO3 (5 
wt%) in the PVDF matrix. This process was carried out using Thermoelectron Prism 
Eurolab 16 twin screw extruder with a 16 mm screw diameter and L/ D value of 24. The 
temperature profile during the compounding process was set as 150 (hopper-end), 200, 205, 
205, 200, and 200 °C (die head) with a screw speed of 350 rpm. This is because the melting 
point and crystallisation temperatures of PVDF polymers was around ~175 °C and 138 °C. 
finally the compounded product was extruded as single strands with a  diameter of about 2 
mm into the water bath and further passed through a pelletiser to obtain PVDF-ZnSnO3 
composites [16].  
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Fig. 5.1:  Schematic and working mechanism of the TENG with an incorporated interfacial ZnO 
nanosheet layer. The red arrow describes the application of force, leading to the generation of 
triboelectric potential, and piezoelectric potential in the ZnO nanosheets by inducing a positive 
potential (red spheres) on the stretched side and a negative potential (blue spheres) at the compressed 
side.  
 
5.2.2 Electrochemical deposition of ZnO nanosheets 
The ZnO nanosheets were synthesised as described in Chapter 4 experimental section 
via a facile electrochemical deposition (ED) technique using a CHI601D potentiostat (CHI 
601D, CH Instruments, USA) and a homemade electrochemical cell utilising a three-
electrode setup. For the ED process, a 0.5 mm thick Al foil, Pt wire and a saturated calomel 
electrode (SCE) were used as the working, counter and reference electrode, respectively. 
Prior to the ED process, the Al working electrode (2 cm x 2 cm) was first cleaned in an 
ultrasonic bath for approximately 5 min each with acetone, isopropanol and deionised (DI) 
water, respectively. The electrolyte solution with pH ~5.7 was prepared by dissolving 
equimolar concentration of 0.025 M zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and 
hexamethylenetetramine (HMTA) in DI water. For the growth of ZnO nanosheets, a 
potential of -0.7 V was applied between the electrodes, while the temperature of the 
electrolyte solution was maintained at 70 °C. The precursor solution was stirred 
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continuously for the whole duration of the deposition (3 hrs) to achieve high uniformity of 
the deposited nanomaterials. After the growth process, the as-prepared ZnO/Al substrates 
were rinsed with DI water to remove any residual salts and further dried at room temperature 
for the subsequent deposition of PVDF or PVDF-ZnSnO3 films.  
 
5.2.3 Membrane preparation by phase-inversion process 
The preparation of PVDF, ZnSnO3-PVDF and PA6 films was carried out in 
accordance with the previous studies conducted by Soin. et al.  [16], [22]. Briefly, the 
solutions for the synthesis of the membranes were prepared using a 20 wt% dope solution 
in the corresponding solvents (Formic acid for PA6 and N, N-Dimethlyformamide (DMF) 
for PVDF, respectively) by continuously stirring the polymer pellets and solvents at ~70 oC 
for 3 hr [16]. After preparation of the doped solution, a certain volume ~ 2 ml of the PVDF 
or ZnSnO3-PVDF solution was deposited on the electrochemically deposited ZnO/Al 
substrate via a spin-coating (Spin 150 processor) process using the following protocol: 
initial spinning at 500 rpm for 10 sec, followed by 2000 rpm for 30 sec. Thus obtained 
PVDF or ZnSnO3-PVDF coated ZnO/Al substrates were then immersed immediately in an 
anti-solvent bath (DI water) kept at a desired quenching temperature of ~5°C. The resulting 
PVDF/ZnO/Al or ZnSnO3-PVDF/ZnO/Al substrates were then rinsed repeatedly with DI 
water to remove any residual solvent and dried at room temperature for further assembling 
of the triboelectric generators. The preparation of free-standing PA6 membranes was carried 
out by preparing a 20 wt% of PA6 in formic acid stirred constantly at 70 oC for 2 hr and 
about 2 ml of the mixture was decanted on a clean and dry silicon wafer to follow similar 
spin coating parameters as that of PVDF blend mentioned above.  Later the coated Si wafer 
was immersed immediately in an anti- solvent bath kept at the desired quenching 
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temperature, of ~20 °C, thus obtaining a free-standing PA6 membrane and consequently 
rinsed repeatedly in distilled water and left overnight in de-ionised water to remove any 
residual solvent [16]. 
 
5.2.4 Fabrication of triboelectric generators 
The as-prepared PA6 membrane was attached via an adhesive aluminium conductive 
tape electrode to an acrylic sheet of 2 mm thickness. For the bottom part of the TENG, 
various combinations of ZnO/Al, PVDF/ZnO/Al and ZnSnO3-PVDF/ZnO/Al were 
assembled, as shown in Fig. 5.1 and summarised in Table 5.1. Sample S1 consists of a ZnO 
nanosheet layer grown on an aluminium substrate; S2 has a PVDF/ZnO/Al structure, while 
S4 has a 5wt% ZnSnO3-PVDF/ZnO/Al structure. Sample S3 (5wt% ZnSnO3-PVDF/Al) has 
the same structure as that of S4, but without the interfacial ZnO nanosheet layer. All the 
TENG devices have dimensions of 2 cm x 2 cm with a small extension of the acrylic sheet 
for connecting leads. Two arc-shaped polyimide sheets were used to maintain the desired 
spacing between the top and bottom parts of the TENG, as shown in Fig. 5.1. 
 
Table 5.1: Summary of sturtcutres of the fabricated TENG devices.  
Sample Top layer Bottom layer Device structure 
S1 Al/PA6 ZnO/Al (Al/PA6)/(ZnO/Al) 
S2 Al/PA6 PVDF/ZnO/Al (Al/PA6)/(PVDF/ZnO/Al) 
S3 
(without ZnO 
layer) 
Al/PA6 5wt%ZnSnO3-
PVDF/Al 
(Al/PA6)/(ZnSnO3-PVDF/Al) 
S4 (with ZnO 
layer) 
Al/PA6 5wt%ZnSnO3-
PVDF/ZnO/Al 
(Al/PA6)/(ZnSnO3-
PVDF/ZnO/Al) 
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5.2.5 Material characterisation and electrical testing  
The surface and cross-sectional morphology of the samples were analysed using a 
Hitachi S-3400N scanning electron microscope equipped with an Oxford Instruments INCA 
EDS system. The vibrational characteristics of the polymeric films were examined using 
Fourier transform infrared spectroscopy (FTIR, Thermo Scientific IS10 Nicolet). The 
spectra were recorded at a nominal resolution of ±1 cm-1 for a total of 64 scans and vendor 
provided software (OMNIC) was used to analyse the results, including the calculation of β-
phase content. Differential scanning calorimetry was used to investigate the crystalline 
phase of the polymer films on a TA Instruments DSC Q2000. The samples with an 
approximate weight of 2 mg, were heated at 10 oC/min from 0 to 250 oC under a 50 ml/min 
N2 flow. The piezoelectric response of the samples was investigated by piezo response force 
microscopy measurements using the MFP-3D™ AFM from Asylum Research (USA). A 
drive voltage of 3V (for sample S1), 5V (for sample S2) and 3V (for sample S4) was utilised 
for the measurements. Electrically conducting Pt/Ir-coated SCM-PIT probe with a 
resonance frequency of 100 kHz and a spring constant of 2.8 N/m were utilised for PFM 
imaging and further analysis carried out using vendor provided Igor Proanalysis software. 
The electrical measurements for the TENGs were carried out using a dynamic fatigue tester 
(Powil model YPS-1) in conjunction with a Tektronix MDO3022 oscilloscope and a 
Keysight B2981A picoammeter. The fatigue tester operates at various loads between 1-
1000N and adjustable frequencies and allows for precise control over the impact load and 
frequencies.  
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5.3 Results and Discussions 
5.3.1 Microstructure of ZnO nanosheets and ZnO-fluoropolymer composites  
In literature, the hydrothermal/electrodeposition growth of ZnO, involving zinc nitrate 
hexahydrate and HMTA precursors, can be tuned to synthesise ZnO nanomaterials with 
various morphologies, including nanorods, nanobelts, nanoneedles etc. [23, 24]. The growth 
of all these ZnO nanostructures is known to follow a simple “nucleation and growth” 
procedure. During the nucleation step, the decomposition of the clusters of molecules results 
in particles that are combined in a sequence to form a film on the surface of the substrate. 
This initial growth acts as a seed layer for the further growth and deposition of ZnO 
nanostructures and the processes are well understood to be dominated by the Eq (4.1) and 
Eq (4.2) mentioned in the chapter 4 [23, 25]: 
½O2+ H2O+ 2e
-  2OH-     (4.1) 
Zn2++2OH-  Zn(OH)2      (4.2) 
Now, for the growth of ZnO nanosheets using ED process, the presence of Al/Al2O3 
substrates alongside HMTA and zinc precursor has been shown to be crucial [24]. It has 
been previously shown that the binding of Al(OH)4
- to the Zn2+ terminated surface is 
essential for suppressing the ZnO growth along the (0001) direction and promoting lateral 
growth of ZnO nanosheets [24]. The sources for hydroxide ions generated from the 
electrochemical method and the HMTA in the solution are consumed during the ZnO 
nanosheet growth through the reactions Eq (4.3) to Eq (4.7) in previous chapter 4: 
(CH2)6N4 + 6H2O  6HCHO + 4NH3   (4.3) 
NH3 + H2O  NH4++ OH-     (4.4) 
2OH- + Zn2+  Zn(OH)2     (4.5) 
Zn(OH)2  ZnO(s) + H2O     (4.6)  
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Al3+ + OH-  Al(OH)3 + OH-  AlO-2    (4.7) 
As Al is more active than Zn, it is oxidised to Al3+ and further forms AlO-2 in the 
electrolyte solution. This is followed by the absorption of AlO-2 by Zn
2+ which slows down 
the growth of ZnO along (0002) orientation, resulting in a honeycomb-like network 
structure [18, 24] with a certain amount of Al elements included in the ZnO nanosheets (see 
Fig. 5.2). The ZnO nanostructures grown by this method on Si substrates (without Al) are 
typically nanorods with diameters varying from a few nanometres to tens of nanometres, 
depending on the experimental conditions of concentration, growth temperature etc. [24]. 
When an Al substrate is used, ZnO nanosheets are typically observed, which are particularly 
useful for the application in TENGs as the structure provides large surface area for charge 
generation. Moreover, due to morphologically inter-connected structure, as compared to the 
ZnO nanorods, the two-dimensional (2D) ZnO nanosheet structures are mechanically more 
stable under the large external mechanical loads [31]. The ZnO nanosheets grown on Al 
substrate are shown in Fig. 5.2(a), with a preferred (0002) crystal orientation, perpendicular 
to the substrate. For a growth time of 3 hrs, the height of obtained ZnO nanosheets is ~5.2 
m (Fig. 5.2(b). Furthermore, the presence of Al in the ZnO nanosheets was confirmed by 
EDS measurement as shown in Fig. 5.2(a) inset. 
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Fig. 5.2: SEM top view image (a) and cross-sectional view image (b) for the pristine ZnO nanosheets 
on Al substrate, (c) and (d) for PVDF membrane on ZnO/Al, (e) and (f) for ZnSnO3/PVDF 
membrane on ZnO/Al device, respectively. The insets in (a), (c) and (e) are the EDS measurement 
results for the corresponding samples. 
 
 
Fig. 5.3: SEM top view image (a) PA 6 membrane (b) for the pristine ZnSnO3 nanocubes. 
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Fig. 5.2 shows the surface and cross-sectional SEM images for the triboelectric 
negative portions of samples S2 and S4, comprising of (c, d) pristine PVDF and (e, f) 
ZnSnO3-PVDF membranes deposited on top of the ZnO/Al substrates, respectively. The 
SEM image for PA6 membrane is shown in Fig. 5.3(a). It is evident from the SEM images 
that the respective dope solutions ( 20 % Formic acid for PA6 and 20 % N, N-
Dimethlyformamide (DMF) for PVDF, respectively) penetrate deep into the ZnO nanosheet 
architecture, and upon crystallisation during phase inversion process fill up the gaps in the 
structure to form uniform membranes. Upon the deposition of fluoropolymer membranes 
onto the ZnO/Al substrate, the overall thickness of the resulting structures is increased from 
~5.2 m to ~18.5 m (Fig. 5.2(d)) and ~23.7 m (Fig. 5.2(f)) for samples S1, S2 and S4, 
respectively. For both the PVDF/ZnO/Al and ZnSnO3-PVDF/ZnO/Al samples, the surfaces 
exhibit high porosity, which is inherent to the phase inversion process. During the phase 
inversion process, the N, N-DMF solvent present in the dope solution escapes due to solvent 
anti-solvent interactions, leaving behind a high density of pores in the resulting membranes 
[16, 22]. Previous literature suggests that the charge density of the TENG can be enhanced 
by effectively controlling the microstructure and porosity of the polymer films [4, 9, 18, 
26]. In fact, in a recent work carried out by Wang et al., nanostructured porous PVDF and 
PA6 membrane based TENG produced a significantly higher charge density (71 μCm-2) 
than their smooth counterpart (48 μCm-2)[8]. The observed high porosity of phase-inversion 
membranes is highly beneficial in enhancing the performance of the TENGs owing to the 
increased effective surface area [1, 16] and will be discussed further in the following 
sections. 
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5.3.2 Electrical performance of TENGs 
Fig. 5.4 shows the output open-circuit voltage (VOC) and short-circuit current density 
(JSC) of the assembled devices with variable forces ranging from 20 to 80 N (0.05-0.20 
MPa). The TENG devices were measured at a fixed spacer distance of 8 mm and 5 Hz 
impact frequency. The output voltage of sample S1, consisting of ZnO nanosheets layer 
only, shows a modest dependence on the applied force with a marginal, but inconsistent 
increase in the VOC and JSC values as observed in Fig. 5.4(a, b). In comparisons, both the 
VOC and JSC values for the other three samples (S2, S3 and S4) increase almost linearly with 
the impact force. For instance, at a force of 80 N, the output voltage of sample S3 is ~310 
V, which is in good agreement with the results from Soin et.al [16]; while the corresponding 
value of sample S4 is nearly twice at ~625 V. This increase in the output voltage is a 
combined effect of the addition of piezoelectric ZnSnO3 nanoparticles in the PVDF host 
matrix as well as the piezoelectric/polarisation effect of interfacial ZnO nanosheets and will 
be discussed later in light of micro/nanoscale d33 measurements. For the samples 
incorporating ZnSnO3, previous studies have indicated that stress induces polarisation and 
alignment effects, leading to generation of larger piezoelectric potential and higher charge 
density [16], [29], [30]. The displacement of the Zn ions is larger than that of the Sn ions 
present in the ZnSnO3 structure, leading to a spontaneous polarisation along the c- axis is 
the main source of piezoelectric generation [30]. For the pristine PVDF/ZnO/Al system, the 
contact force still has a significant effect on the output performance of TENGs which is 
believed to arise from the elastic nature of the contacting materials, with a larger contact 
force substantially modifying the effective contact/charging area [21, 27, 28]. In fact, the 
slope of increase in the case of device S4 (7.55 V/N) is over twice that of device S3 (3.38 
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V/N) and nearly 2.5 times that of device S2 (2.98 V/N), showing the enhanced sensitivity 
of the device incorporating the interfacial ZnO nanosheet layer.  
The effect of embedding ZnSnO3 in PVDF is significant in enhancing the output of 
TENG, especially at high force conditions, owing to the generation of larger piezoelectric 
potential and higher charge density from the PVDF-ZnSnO3 system [16]. The output 
voltage and current density typically increase by 2.5 times for the PA6/(ZnSnO3-PVDF) 
TENG as compared to PA6/PVDF without ZnSnO3 nanomaterial [16]. The current density 
for the devices S2 and S4 reaches ~10 mA/m2 and ~40 mA/m2, respectively, much larger 
than those (~1.25 mA/m2 and ~3 mA/m2) for PA6/PVDF TENG and PA6/(ZnSnO3-PVDF) 
TENGs reported in previous work from literature [16].  
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Fig. 5.4: (a) Open circuit voltage (VOC) and (b) short circuit current density (JSC) for TENGs being 
operated at various impact forces (at a constant 5 Hz working frequency).  
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Fig. 5.5: The piezoelectric (a) Voc output and (b) short circuit current density of S1 at 5 Hz working 
frequency and various external impact loads by eliminating the spacer distance between the ZnO 
and PA6 layers. 
 
Device S1, consisting of Al/PA6 and ZnO/Al, has a relatively small electrical output, 
very different from other devices. When the electrical output of device S1 was measured 
without any spacer (see Fig. 5.5), a marginal but consistent increase in the electrical output 
could be observed which arises from the generation of piezoelectric potential in the ZnO 
nanosheets. In the triboelectric configuration i.e. with a spacer, the high-density ZnO 
nanosheet structure should ideally provide substantially large effective contact area due to 
the nanostructures. Moreover, as the polymeric PA6 membrane has an elastic nature and 
ZnO nanosheet layer has high surface area, high density of triboelectric charges is expected 
to be generated, which should increase with increasing force due to the increased contact 
surface area. However, as observed in Fig. 5.5(a), the output performance of S1 shows 
almost no appreciable change with impact force with a rather poor sensitivity value of 0.1 
V/N. Compared to Al, PA6 is more triboelectric positive, and upon contact between the two 
surfaces, triboelectric potential should be generated owing to the different inherent 
electronic affinities of the two materials. However, the bottom Al electrode cannot directly 
contact the PA6 due to the presence of an interfacial ZnO nanosheet layer. The contact 
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between PA6 and ZnO nanosheets will induce negative triboelectric charges as PA6 is more 
positive in the triboelectric series table. However, the mechanical deformation of ZnO 
nanosheets under contact will generate a piezoelectric potential concurrently inside the 
nanosheets, and piezoelectric charges. As such, the electrical output of sample S1 is a 
combined effect of piezoelectric and triboelectric effects.  
Now, considering devices S3 and S4, the only difference between them is the 
incorporation of ZnO nanosheets at bottom of the ZnSnO3-PVDF composite film for device 
S4. On their own, the ZnO/Al system is only able to provide a small voltage and current 
output of ~20 V and ~1 mA/m2, respectively; however, working synergistically with the 
ZnSnO3-PVDF composite film, the huge increase in output performance for S4 is 
considered to be caused mainly by the polarisation induced charges by the piezoelectric 
ZnO nanosheets. The pressure induced polarisation effects in the ZnSnO3-PVDF inorganic-
organic composite and the inherent piezoelectric, ferroelectric nature of the ZnO 
component, the electric dipoles inside the composite membrane and ZnO nanosheets will 
be oriented to enhance the surface charge density of the contact interface [29, 30]. This 
preferred polarisation growth direction of dipoles caused due to the interfacial dipole-dipole 
interaction was further imaged using piezoelectric force microscopy (PFM) and is discussed 
in the next section. The influence of ZnO nanosheets to the performance of the TENG 
devices can be clearly seen by comparing S3 and S4 devices at various forces, especially in 
the remarkable increase in the current density. Within the force range tested, both the VOC 
and JSC of S4 increase more significantly compared to those of S3, with the slope of S4 
(7.55 V/N) more than double of S3 (3.38 V/N), implying the significant effect of ZnO 
nanosheets on TENG performance (see Table 5.2, summary of the output performance of 
all the devices). The sensitivity values for device S4 are very similar to those reported earlier 
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by Chen et al., for the poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)) and 
PDMS based TENG [31].  
 
Table 5.2: Summary of the output characteristics of the fabricated TENG devices.  
Device Voc 
(V) 
Jsc 
(mA.m-2) 
Charge density 
(μC.m-2) 
d33 
(pmV-1) 
Sensitivity 
(V.N-1) 
S1 40 3 16.9 -41 0.1 
S2 280 8 68.4 -50 2.98 
S3 310 10 77.5 -54 3.38 
S4 625 40 100.6 -74 7.55 
  
It is understood that during the initial stage of measurement of TENGs, i.e. before the 
contact of the two triboelectric layers, neither piezoelectric nor triboelectric potential exists 
between the two surfaces. When an external vertical force is applied to the top PA6/Al layer 
and it touches the bottom triboelectric negative surface (ZnSnO3-PVDF/ZnO/Al), the 
physical contact between the surfaces results in a charge transfer between the PA6 and 
PVDF. Since PVDF tends to gain electrons, the negative charges are transferred to PVDF, 
while PA6 acquires positive triboelectric charges. When the applied force is raised further, 
the introduction of stress onto the ZnSnO3 nanocubes, a piezoelectric potential generated 
inside the ZnSnO3 aligns the electric dipoles in a single direction due to stress- induced 
poling effect, which  indeed the ZnO nanosheets leads to the creation of a strong and 
cumulative piezoelectric potential [30]. When the applied force is released, the structure 
starts to bounce back, leading to the movement/flow of charges through the external circuit. 
Thus, the incorporation of an interfacial layer induces a high density of polarisation charges 
through piezoelectric nanomaterials in the PVDF matrix.  
  
 
  129 
 
 
 
The output performance of all the assembled devices was also tested as a function of 
operating frequency between 1–9 Hz, at a fixed force of 50 N and spacer distance of 8 mm 
(Fig. 5.6). As the impact frequency is increased from 1 to 9 Hz, the output voltage for sample 
S1 increases from ~10 to 30 V, the corresponding current density from ~0.9 to ~4 mA/m2 
with a maximum charge density per pulse of 16.89 µC/m2. Correspondingly for sample S2, 
VOC increases from ~20 to ~140 V, JSC from 1 to 4 mA/m
2 and a maximum charge density 
per pulse of 68.41 µC/m2. To best elucidate the advantage of utilizing the interfacial ZnO 
nanosheet layer, the outputs of device S3 and S4 at different frequencies are shown in Fig. 
5.6 (g, h). In the used frequency range, the output voltage of S3 increases from ~50 to ~ 280 
V, the current density measures from 2.5 to 15 mA/m2 with a corresponding maximum 
charge density of 77.45 µC/m2. For device S4, the increase in output is significantly higher, 
with VOC increasing from ~70 to ~ 310 V, Jsc from 2.5 to 25 mA/m
2 and a maximum charge 
density per pulse of 100.66 µC/m2, further indicating the existence of ZnO nanosheets, 
through polarization-induced charges, has a significant effect on the TENG output. From 
Fig. 5.6, it can also be observed that for nearly all the samples, an increase in the operating 
frequency from 7 Hz to 9 Hz does not significantly alter the output, indicating an ideal 
working frequency of about 7 Hz. Thus, the developed TENG structures are highly suitable 
for harvesting low-frequency vibration and impact conditions.  
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Fig. 5.6: (a) Open circuit voltage (Voc) and (b) short circuit current densities (JSC) of sample S1, 
corresponding Voc and Jsc values (c) and (d) for sample S2, while (e) and (f) show the Voc and Jsc 
values for sample S4. The effect of an interfacial ZnO nanosheet layer is best illustrated in the 
variation of (g) Voc and (h) Jsc values for samples S3 and S4. All measurements were carried out 
at a constant force of 50 N and spacer distance of 8 mm.   
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Fig. 5.7: Comparison of output power density vs. load, showing the maximum power outputs for 
samples S3 and S4 at ~30 and ~40 M, respectively. The inset shows the blow-up of the power vs. 
load curve for sample S3. 
 
Fig. 5.7 displays the output power density (calculated by W=Ipeak
2R/A, here A the 
device area) measurements as a function of load resistance from 1-1000 MΩ, for devices 
S3 and S4. It can be observed that the maximum power density is delivered at a load 
resistance of ~30 and ~40 M for S3 and S4, respectively. At a constant force of 50 N, a 
maximum peak power density of ~1.8 W/m2 is achieved for S4, while that for S3 is ~0.11 
W/m2, further clearly indicating that ZnO nanosheet layer plays a major role in device 
performance. The instantaneous power being delivered by a 4 cm2 TENG (S4) was further 
used to power 35 red LEDs mounted on a PCB board. When the TENG was driven by a 50 
N force at 5 Hz without any charge storage, it could lighten the LEDs, but with relatively 
weak light intensity. The full brightness of the LEDs could be achieved by using a 1 μF 
storage capacitor which was charged up by repeated pressing of the TENG for about 50 
times, as shown in Fig. 5.8(b). Fig. 5.8(a) shows the stability of the output voltage for sample 
S4 as a function of impact cycles. The stability tests were carried out at a fixed condition of 
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5 Hz impact frequency and a force of 30 N. The measured output voltage does not attenuate, 
but increases slowly from ~260 to ~300 V during the 9000 cyclic tests. This phenomenon 
is quite different from that being reported by most other researchers, wherein the output 
voltage decreases with the increase in the number of cyclic tests [15]. The observed increase 
in this case may be attributed to the surface deformation caused by the prolonged impact 
which allows more and more vacant space between ZnO nanosheets to be filled during 
cyclic impact, allowing more polarisation induced charges to contribute to the triboelectric 
effect.  
 
Fig. 5.8:  (a) The stability test of TENG sample S4 carried out for 9000 cycles at a force of 30 N at 
a driving frequency of 5 Hz, (b) lighting a group of 35 red LED’s with as fabricated TENG device 
by charging a 1 μF capacitor. 
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5.3.3 Mechanism for performance enhancement of TENGs 
Though a variety of factors can potentially influence the electrical output of the TENG 
devices, considering the consistency of the experimental parameters, including device 
dimensions, testing protocol and fluoropolymer membrane deposition conditions; the 
significant differences observed in the electrical output of samples S3 and S4 most likely 
originate from the variation of the surface charge density and coupling of the piezoelectric 
and triboelectric effects. Fig. 5.9 shows the generation mechanism plots of piezoelectric, 
triboelectric and combined effect in generating the VOC during a press and release cycle. 
Both the pristine PVDF and ZnSnO3-PVDF membranes synthesised via phase-inversion 
method were found to have high β-phase content of ~61% and 72%, respectively [11], [16]. 
The high β-phase contributes to the increase in piezoelectric coefficient of the membranes 
[11], which contributes to the high piezoelectric constants observed for the samples. 
 
 
Fig. 5.9:  A graph of the piezo/triboelectric output voltages simultaneously measured in a single 
press-and-release cycle.   
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Investigation of the material properties of the PVDF, ZnSnO3-PVDF and ZnSnO3-
PVDF/ZnO nanosheets using FTIR and DSC measurements with the results shown in the 
Fig. 5.10. The DSC measurements for PVDF and 5wt% ZnSnO3-PVDF membranes 
revealed crystallinity values of about 36% and 47%, respectively. The observed increase in 
the crystallinity and the β-phase content upon the addition of ZnSnO3 is consistent with 
previous work and arises due to the interfacial interactions between PVDF and ZnSnO3 
nanomaterial [16]. Thus, it seems that the underlying ZnO nanosheet structure has no 
significant effect on the phase-inversion process and the ensuing crystallinity and β-phase 
content of the fluoropolymer films. The marginal (~10%) increase of the β-phase and 
crystallinity values cannot fully explain the significant increase in the power output of the 
TENGs. In fact, all the electrical characterisation data indicates that the incorporation of 
interfacial ZnO nanosheet layer has a more profound effect on the output performance of 
the TENGs, possibly through polarisation induced charges [10, 32, and 33]. To understand 
the underlying mechanism responsible for this significant increase in the performance, 
piezoelectric measurements of the samples were carried out.  
 
 
Fig. 5.10: (a) FTIR spectra of pristine PVDF and 5 wt% ZnSnO3-PVDF membranes with their 
corresponding (b) DSC spectra. 
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PFM analysis was used to measure the piezoelectric coefficient and indicative 
polarisation direction for the samples. Fig. 5.11 shows the PFM amplitude and phase for the 
pristine ZnO nanosheets, PVDF/ZnO and ZnSnO3-PVDF/ZnO samples used for devices S1, 
S2 and S4 respectively. The piezoelectric characteristics of sample S3 can be found in 
earlier work presented by Soin et.al and the corresponding piezoelectric coefficients were 
about -65 pmV-1 [16]. The amplitude of the piezoelectric signal is related to the piezoelectric 
coefficient (electromechanical coupling) of the samples, while the phase of the signal 
reflects the polarisation direction or the orientation of the domains. From the PFM amplitude 
images, it can be observed that the amplitude displayed by S4 has much higher contrast than 
those of samples S1 & S2, while samples S1 and S2 exhibit a much broader distribution of 
domains. Now, the PFM signal is given by Eq (4.8) from chapter 4 as follows: 
𝐴 = 𝑑33𝑉𝑎𝑐𝑄               (4.8) 
where d33 is the piezoelectric strain coefficient, Vac is the driving voltage, and Q is the 
quality factor [34]. The obtained piezoelectric coefficient of -41 pmV-1 for sample S1 
comprising of pristine ZnO nanosheets layer is comparable to the values reported in the 
literature for the same type of materials [27] and is higher than that for bulk ZnO [27]. The 
large d33 for sample S1 is attributed to nanoscale dimensions of the (0002) oriented ZnO 
nanosheets [26, 35]. Similarly, the measured d33 values for S2 and S4 are -50 pmV
-1 and -
74 pmV-1, respectively, and show a marked improvement as compared to our previous work 
[16].  
This improved piezoelectric effect clearly denotes the observed enhancement in 
triboelectric output voltage VOC of S4 as compared to S1 and S2. Moreover, the PFM phase 
image obtained for sample S4 clearly shows a preferential polarisation growth direction of 
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dipoles (see the white dot highlighted area in Fig. 5.11(f). This significantly enhanced 
domain size and piezoelectric response for S4 are attributed to the interfacial dipole-dipole 
interaction with the ferroelectric polarization of PVDF, which promotes the alignment with 
the polar axis of ZnO nanosheets. It has been reported that upon the application of force to 
ZnO nanosheets, they tend to buckle and generate piezoelectric potential by inducing a 
positive potential on the stretched side and a negative potential at the compressed side as 
shown in Fig. 5.1 [32]. This assists further in the injection of charges by the interfacial 
piezoelectric ZnO nanosheet layer between the contact surfaces [33]. When the spin coated 
PVDF, ZnSnO3-PVDF dope solution deposited on the ZnO nanosheet layer undergoes fast 
quenching at a low temperature, a strong thermal field gradient is induced, which can also 
cause the crystals to align along the thermal field direction [22]. Also, the thermal stress 
after fast quenching, arising from the difference in thermal expansion coefficients between 
ZnSnO3-PVDF dope solution and interfacial ZnO layer is expected to give tensile stress 
which can reorient the dipoles in preferential direction. Furthermore, the O–H groups of the 
water molecules can form hydrogen bonds with the C–F groups of PVDF, leading to their 
spatial orientation. During the solvent, anti-solvent interactions, the mass exchange between 
the solvent and non-solvent is so fast that the liquid–liquid demixing takes places almost 
immediately, resulting in enhanced polymer concentration near the interfacial region [22]. 
This increase in the polymer concentration leads to a better packing of the CH2-CF2 dipoles, 
leading to the formation of β-phase [34]. At low quenching temperatures, the crystallisation 
beginning from the surface and proceeding towards the inside of the film is slow [22]. As 
water is a dipolar molecule, the electric field acts on the initial surface, inducing aligned β-
crystals, which in turn causes the alignment of the β-phase crystals in the sequential 
crystallisation. Using first-principle calculations, Bystrov et al. have shown that the 
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interaction between PVDF molecular chains leads to the orientation of each molecular 
dipole moment along one direction parallel to the chain plane [36]. On the other hand, the 
molecular interaction in PVDF will lead to the same orientation direction as ZnO growth 
direction [22], thus they increase the charge density more profoundly, hence increasing the 
overall efficiency of TENG devices.  
 
 
Fig. 5.11: (a) PFM amplitude image and (b) PFM phase for S1, (c) and (d) for S2, (e) and (f) for S4 
devices, respectively. White dot highlighted areas in (f) show preferential growth of polarisation.   
 
5.4 Summary 
In summary, this chapter reports the technique to fabricate high-performance TENGs 
by incorporating an interfacial piezoelectric ZnO nanosheet layer underneath the 
triboelectric negative fluoropolymer membranes. The enhancement in performance of the 
TENG is significant, with VOC and JSC values increasing from 310 V and 10 mA/m
2 (charge 
density of 77.45 μCm-2) to ~625 V and 40 mA/m2 (charge density of 100.66 μCm-2), and 
has been attributed to stress-induced polarisation effect from the ZnSnO3-PVDF/ZnO 
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structure. The well-aligned ZnO nanosheets not only enhance the effective surface area, but 
also lead to preferential polarisation growth direction of dipoles, further improving the 
piezoelectric coefficient up to -74 pm V-1. This enhancement assists in charge injection by 
piezoelectric interlayer on to the surface of ZnSnO3-PVDF membrane, improving the 
charge density to ~100.66 µC/m2 from a value of 77.45 µC/m2 (without interfacial ZnO 
nanosheet layer), which in-turn tremendously improves the power density from 0.11 to ~1.8 
W/m2. The facile synthesis of ZnO nanostructures alongside the simple phase inversion 
technique provides an efficient way to couple piezoelectric and triboelectric mechanisms to 
yield high-performance TENG devices, which could be an excellent candidate for self-
powered electronic systems.  
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CHAPTER 6  Comparative investigation for ORR on various 
platinum loaded carbon supports  
 
 
 
6.1 Introduction 
As discussed in the earlier chapter, the ever-growing demand for energy is 
necessitating new solutions ranging from energy harvesting techniques for smaller footprint 
devices (such as wearables) to significantly larger sources like metal-air batteries, 
supercapacitors, solar cells and fuel cells (including proton exchange membrane fuel cell 
(PEMFC), direct methanol fuel cells (DMFCs) etc.) [1]–[3]. Unlike the energy harvesting 
technologies such as piezoelectric and triboelectric generators, these electrochemically 
driven fuel cells are capable of producing significantly higher power (depending on the 
stack size) and are therefore classified as energy generation devices rather than energy 
harvesting. The fuel cells are are electrochemical devices that convert chemical energy into 
electrical one through chemical reactions occurring on the electrode/electrolyte interfaces. 
The oxidation of fuel (methanol, hydrogen etc) at the anode and the reduction of oxygen at 
the cathode are the driving reactions occurring in the fuel cells [4]. Fuel cells are known to 
have a very low emission of greenhouse gases such as CO2, SOx etc with high efficiencies 
(70% theoretically and 40~50% practically). Moreover, they are non-polluting energy 
sources and capable of providing very high energy densities of order of more than ~2 MW 
to 200 MW [5]–[10].  
      Although the origin of fuel cells can be dated back to the 19th century to Charles 
Langer, the challenges associated with both the catalyst and support materials remain 
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ongoing, especially in the area of development of inexpensive and efficient oxygen 
reduction reaction catalysts [11], [12]. To this end, platinum (Pt) exhibits a strong electro-
catalytic activity for both electro-oxidation of small organic solvents in fuels on the anode 
and the oxygen reduction at the cathode [4]. However, the sluggish kinetics of ORR requires 
high Pt loading in the cathodes for acceptable power densities and fuel efficiencies. 
Secondly, Pt-based materials suffer from carbon monoxide (CO) deactivation and 
susceptibility to time-dependent drift, that in-turn greatly decreases the cathode potential 
and reduces fuel efficiency [13], [14]. Apart from catalytic activity and cost, the stability 
and lifespan of a catalyst also plays a critical role in fuel cell applications. The high cost of 
the Pt-based catalysts, along with the limited availability of raw materials in nature, has 
been shown as one of the major stumbling blocks for commercialization of fuel cells and 
their applications [15]. Under these circumstances, the improvement of cathode catalysts 
with enhanced ORR activity is therefore required by reducing the use of Pt or by using non-
precious metals (Fe, Co, etc.) or metal oxides  (Fe2O3, Fe3O4, Co3O4, Co1-xS, etc.) as well 
as advanced carbon support materials (carbon nanotubes (CNTs), graphene oxide (GO), 
graphene nanoplatelets (GNP), fullerene (C60), nano diamond etc). 
For fuel cell applications, carbon (graphite) is used not only as a structural material 
for easy gas diffusion, but also as the catalytic support material. There are some 
requirements for an ideal carbon catalytic support, such as high electric conductivity for 
charge transport, large surface area for precious metal dispersion, easy to recover 
precious metal from the catalyst and relative chemical stability in acidic and alkaline 
media [4], [16]–[28]. The unique characteristics of carbon make it an ideal material for 
applications in fuel cells. Especially, platinum nanoparticles decorated carbon support 
catalysts for fuel cell reactions have been studied by various groups over the years. The 
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current commercial standard material, carbon black, is a low crystallinity amorphous 
support and as such is prone to high oxidation rates due to the high electrode potentials 
experienced in the fuel cells, thereby, reducing its lifetime and effeciency[20], [29]. 
Moreover, the presence of micro and nano-porous structures in carbon black affects the 
overall catalytic efficiency by trapping the catalyst nanoparticles in the micro/nanopores 
where they cannot be accessed by the reactants. Carbon black is also unstable under the 
highly acidic/alkaline conditions of a fuel cell, resulting in the corrosion of carbon 
support and leading to detachment of catalyst nanoparticles [20]. As a result, extended 
research is being conducted on the use of other allotropic forms of carbon in fuel cells 
such as carbon nanotubes (hetero-atom doped), mesoporous carbon, graphene, multi-
layer graphene, reduced graphene oxide; all with or without the presence of catalyst 
metallic nanoparticles of Pt, Ag, Au, Fe, Co etc.. Hasche et al. studied the stability, 
activity and degradation of Pt/MWCNTs (multiwall carbon nanotubes) for ORR [30]. 
The experimental data showed that some traces of Pt NPs are present inside MWCNTs, 
which exhibits a comparable ORR electrocatalytic activity to that of Pt/Vulcan XC-72R 
catalyst, a commercial product. Liu et al. prepared Pt/MWCNTs by microwave-assisted 
rapid heating method for ORR in PEMFCs [31]. Their experiments showed that 20 wt% 
Pt NPs loaded MWCNTs have high electrocatalytic activity for oxygen reduction as 
tested by a single stack PEMFC. Sharma et al. synthesised Pt/rGO (reduced graphene 
oxide) electrocatalyst with uniform dispersion of Pt NPs for CO-poisoning tolerance for 
methanol oxidation reaction, which outperformed commercial Pt-carbon black (PtCB) 
electrocatalysts [32]. For clarification, some Pt/carbon support hybrids used as advanced 
catalysts for fuel cell applications are summarized in table 6.1. 
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Table 6.1: Summary of polyol- assisted Pt/Carbon support electrocatalysts. 
Ref. Support Precursor 
Preparation 
method 
Electrolyte 
ECSA 
(m2/g) 
ECSA 
(m2/g) 
(This 
work) 
Reduct. 
current 
(This work) 
[33] GNP H2PtCl6 Micro wave 
(MW) – 800 W, 
60 s 
1 M H2SO4 24.3 20 -0.36 mA at 
5mV/s  
-0.784 mA at 
20mV/s 
[34]  MWCNT  H2PtCl6 MW – 800 W, 
55 s 
0.5 M 
H2SO4 
60.2 62.8 -0.14 A/mg at 
10mV/s 
-0.9 A/mg at 
20mV/s 
[34] rGO H2PtCl6 MW – 800 W, 
55 s 
0.5 M 
H2SO4 
82.1 39.2 -0.15 A/mg at 
10mV/s  
-0.2 A/mg at 
20mV/s 
[35] MWCNTs H2PtCl6 refluxed at 140 
0C, 3 hr under Ar 
flow 
0.5 M 
HClO4 
24.3 62.8 -0.35 mA/cm2 
at 5mV/sec  
-5mA/cm2 at  
20mV/sec 
[32] GO/rGO K2PtCl6 
MW – 700W , 
50s ~100s 
1 M H2SO4 43.1 39.2 ________ 
[36] MWCNTs K2PtCl6 
700W for 15 s  
on and 60 s off 
and repeated for 
30 min 
0.5 M 
H2SO4 
64.8 62.8 ________ 
 
  Although an extensive body of literature now exists which discuss the properties 
and potentials of the various pristine as well as Pt loaded carbon materials for ORR 
applications, there have been contradictory reports on the benefits of using carbon 
nanotube or graphene-based materials for fuel cell applications [15], [37]–[39], mainly 
due to different conditions used for synthesis of carbon support materials, ORR 
experiments and comparisons. In this chapter, a comparative electrochemical analysis 
of various carbon supports, including commercial PtCB, pristine and Pt loaded 
multiwalled carbon nanotubes, graphene oxide and graphene nano platelets, is presented 
as they are prominent in literature. The comparative study was carried out to ascertain 
the electrochemical response of pristine as well as catalyst (Pt) loaded materials, towards 
oxygen reduction reactions under identical experimental conditions. It should be 
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mentioned that the microwave polyol method has been utilized owing to its simple and 
facile implementation, wherein, the metal salt suspended in ethylene glycol is heated 
rapidly allowing the salt to dissolve completely and thus nucleate and grow onto the 
support. A discussion of the obtained results and understanding is presented based on 
investigation to provide useful information regarding the electrochemical performance 
of the different types of carbon nanomaterials under identical experimental conditions.  
 
6.2 Experimental  
The pristine carbon supports, including multiwalled carbon nanotubes (purity >99%, 
diameter <20 nm, length 3~30 μm, Thomas-Swan Co. & Ltd, U.K.), graphene oxide (purity 
>99%, layers 2~4, Cheaptubes, U.S.A.), and graphene nanoplatelets (purity >99%, diameter 
1~2 nm, Cheaptubes, U.S.A.) were used as obtained without further purification. For 
synthesis of Pt/carbon support hybrids, the particular carbon supports were suspended in 
ethylene glycol (EG) at a concentration of 1 mg/ml and sonicated for 90 min to achieve 
stable and uniform dispersions. Aqueous solution of 1 ml tetraammineplatinum (II) chloride 
hydrate (Pt(NH3)4Cl2.xH2O, 0.05-0.1 M, Sigma Aldrich) was then added to the carbon 
suspension and further stirred for 10 min. Subsequently, the pH value of the solution was 
adjusted to ~8 via the drop wise addition of a 0.04 M KOH solution, which has been shown 
to help in controlling the size uniformity and dispersion of Pt NPs [40]. The solution was 
then further sonicated for 60 min and then treated at a microwave power of 700 W for a 
fixed duration of 50 sec. The obtained black precipitate was allowed to cool down and then 
washed several times with acetone, ethanol, deionised (DI) water and finally centrifuged 
and collected after drying overnight at 60 °C. For comparison of ORR performance, a 
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commercially available Pt-loaded carbon black with 20 wt% Pt loading (Alfa Aesar) was 
used.  
For ORR measurements, a conventional three-electrode (Perspex electrochemical 
cell) setup was used with saturated calomel electrode (SCE), Pt electrode and glassy carbon 
electrode (GCE, diameter: 3 mm for CV, 5 mm for RDE) as the reference, counter and 
working electrode, respectively. Before each experiment, the GCE was polished to mirror 
finish using 0.3 and 0.05 μm alumina powders followed by washing in ethanol and distilled 
water. The catalyst ink was prepared by ultrasonically dispersing 1 mg of Pt/carbon support 
in 1.0 mL mixture of ethanol, DI water and 5 wt% Nafion in the ratio of 3.85:1:0.15 [41]. 
For preparation of working electrodes, 10 μL of the catalytic ink with Pt/carbon support 
hybrids was pipetted on the GCE surface and left to dry overnight at room temperature. The 
ORR was studied in 0.1 M KOH electrolyte by purging in Ar for base scans and in O2 for 
ORR, followed by electrochemical analysis techniques including cyclic voltammetry (CV), 
chronoamperometry (CA) and linear sweep voltammetry (LSV) and rotating disk electrode 
(RDE) using CHI601D potentiostat and Autolab potentiostat PGSTAT 302N at room 
temperature. 
Transmission electron microscopy imaging and analysis were performed on a FEI 
Tecnai TF20 FEGTEM Field emission gun TEM/STEM (Oxford Instruments INCA 350 
EDX system/80mm X-Max SDD detector and Gatan Orius SC600A CCD camera). X-ray 
photoemission spectroscopy was carried out on Kratos Axis Nova XPS, equipped with 
monochromatic Al-Kα (hν=1486.6 eV). The X-ray diffraction studies were performed on 
Bruker Smart 6000 CCD diffractometer (CoKα, λ=1.788Å). Thermo gravimetric analysis 
(TGA) was carried out by using SDT/TA Instrument 2960 Simultaneous DTA/TGA at a 
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heating rate of 10 °C min-1 (in air) up to 800 °C to ascertain the catalyst loading on carbon 
supports.  
 
6.3 Results and discussion 
The ethylene glycol based microwave polyol reduction process is a well-established 
concept for the production and deposition of metallic nanoparticles and the mechanism for 
the reactions is shown in Fig. 6.1. The first step involves the dehydration of ethylene glycol 
to acetaldehyde wherein the unstable aldehyde is further oxidised to form an acid which 
provides electrons to reduce the precursor metal salt species [39]. The reduction products 
can be metal atoms (Pt) or mixed metal oxides (PtO) or hydroxides. The metal ions 
dissolved in the polyol solution are reduced in presence of hydroxide ions, where aldehyde 
is oxidised to acetate ions. The reduction process may be led by replacing the anionic ligands 
on the metal salts, forming a metal hydroxide, further reduced by acetaldehyde to form fine 
metal nanoparticles, and subsequently to form the mixed metal oxide precipitates or 
crystallise [39], [42]. The produced metal NPs are attached at potential nucleation centres 
on the support materials that are suspended in the solution, thus resulting in the Pt NPs 
loaded carbon support materials which were then confirmed by both XRD and XPS analysis. 
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Fig. 6.1: Mechanisms for the polyol-assisted formation of metal NP’s [39]. 
 
6.3.1 Material characterization 
6.3.1.1 TGA analysis 
The Pt loading of all the carbon catalyst samples were ascertained by TGA 
measurements and the results are shown in Fig. 6.2.  It can be observed that various carbon 
supports show different oxidation onset temperatures which are based on their crystallinity, 
microstructures and surface chemistry. The sample Pt/GO contains a high amount of oxygen 
groups (further discussed in XPS analysis) which is rapidly released as CO and CO2 around 
125 °C. H2O vapours were released at relatively low temperatures of up to 200 °C, where a 
rapid mass loss was observed in Fig. 6.2. Similarly, commercial PtCB has a lower 
crystallinity as compared with MWCNTs and graphene, and hence displays lower onset of 
oxidation and lower thermal stability. On the other hand, since Pt/MWCNTs and Pt/GNP 
possess much higher crystallinity due to the aromatic bonding within the graphene sheet 
and MWCNTs structure, these samples display higher onset of oxidation and therefore 
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thermal stability [43], [44]. For the samples, the obtained Pt loading for a fixed duration (50 
sec.) of microwave treatment is 11.5 wt% for MWCNTs, 18 wt% for GO and 16 wt% GNP 
respectively. Under similar experimental conditions, the Pt loading for different carbon 
supports varies mainly due to different surface areas in GNP and GO as compared with that 
in MWCNTs. To account for these differences in the mass loadings, the electrochemical 
results would be mass normalised to report specific activity.  
                             
 
Fig. 6.2: TGA curves show the thermogram of the various Pt loaded carbon supports. 
 
6.3.1.2 XRD analysis  
The as-synthesised Pt/carbon supports were also investigated using XRD for the 
confirmation of crystalline structure of Pt NPs. In Fig. 6.3, the observed characteristic 
diffraction peaks at 46.6° and 54.7° can be attributed to the Pt(111) and Pt(200) planes of 
the face-centred cubic (fcc) structure of platinum. The diffraction peak observed at ~30° can 
be attributed to C(002) plane arising from carbon supports. It should be noted that these 
peaks are upshifted owing to the use of different X-ray source Co K (λ=1.788 Å), as 
compared to the more commonly used Cu K (λ=1.54 Å) source due to equipment 
availability. As the GNPs are more crystalline in nature as compared to other carbon 
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supports, a much stronger C(002) diffraction peak is obtained for Pt/GNP samples, which 
matches well with the observed high thermal stability in TGA. The average Pt crystallite 
size, D, was calculated from Pt(111) diffractions using the Scherrer equation (6.1):  
𝐷 =
0.9𝜆
𝛽 cos 𝜃 
       (6.1) 
where λ is the X-ray wavelength (Co K λ=1.788 Å), θ the maximum angle of the (111) 
peak, and 𝛽 is the FWHM for Pt(111) in radians [45], [46]. The average crystallite size 
calculated for the samples is 6~8 nm for Pt/MWCNTs and Pt/GNP, and 4~6 nm for Pt/GO, 
in good agreement with the literature [45]. The lower crystallinity of the PtCB samples can 
also be clearly visualised with a significant spread of the C(002) peak unlike the GNPs and 
other samples.  
 
Fig. 6.3: XRD diffraction patterns for the different carbon supports with Pt loading. 
 
6.3.1.3 TEM analysis 
The microstructure of the as-prepared samples was also studied using transmission 
electron microscopy. Fig. 6.4(a-f) shows the comparative TEM images of pristine carbon 
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supports and the subsequent Pt/carbon supports upon the microwave polyol process (the 
insets are HRTEM images of Pt/carbon supports), while Fig. 6.4(g-i) shows a histogram of 
the Pt NPs size distribution on Pt loaded carbon supports. As can be observed, for all the 
pristine carbon supports, the TEM images confirm the microstructural nature of the samples 
(within the specifications prescribed by the manufacturer). Upon microwave polyol 
processing, a largely uniform distribution of the Pt NPs was observed wherein most of the 
Pt NPs exhibited a cubic shaped morphology. The Pt NPs on MWCNTs were anchored onto 
the outer walls and were distributed somewhat less uniformly on the support with an average 
particle size of 5.5±0.7 nm, mainly due to lack of nucleation sites as the samples were not 
chemically or electrochemically treated prior to synthesis [39], [42], [47], [48]. Some 
agglomerations were observed with the Pt NPs being anchored to the possible defect sites, 
which can support the nucleation and growth of the particles. These results are in agreement 
with those observed by Tang et.al [49]. They deposited Ni nanoparticles on pristine 
MWCNTs and observed some agglomeration and attributed it to the lack of surface 
functional groups which would allow for covalent bonding between the nanoparticles and 
nanotubes [49]. Similarly, on the GNP supports, the Pt NPs again exhibited cubical 
morphology and were distributed on the basal and edge planes due to presence of defects 
and some oxygen containing species. The average size of the Pt NPs is 7.0±1.8 nm without 
agglomeration.  
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Fig. 6.4: TEM image of (a) Pristine MWCNTS; (b) GO; (c) GNP; (d) Pt/MWCNTs; (e) Pt/GO; (f) 
Pt/GNP; (g) Pt NPs size distribution on Pt/MWCNTs; (h); Pt NPs size distribution on Pt/GO; (i) Pt 
NPs size distribution on Pt/GNP. 
 
Comparatively, on the GO support, the Pt particles were observed on the basal as well 
as the edge planes, and exhibited a mixed morphology of spherical and cubical shapes, with 
an average size of 3.5±1.5 nm [32], [50] without agglomeration. It has been suggested 
previously that the interaction of metal ions with GO occurs at the oxygen sites, especially 
carboxylic groups, owing to their much higher affinity to metal ions than that of the skeletal 
sp2 carbon backbone [46]. The GO itself has been shown to be negatively charged in the pH 
range of 2-11 with an increase in the pH enhancing the negative charge on the GO [51]. At 
  
 
  155 
 
 
 
the higher pH values, the Pt(IV) ionic species are subject to hydration due to the lower 
availability of the chloride anions and as a result the electrostatic interaction between the 
GO sheets and metals increases [51], [52]. This is also reflected in the XPS spectra of the 
Pt/GO samples where only a small percentage of metallic Pt(0) was observed with the 
majority of the Pt being in the PtOx and Pt(OH)x form (see discussion in the following 
section and Table 6.2). The Pt NPs attached onto the GO are smaller compared to those on 
GNP or MWCNTs, possibly due to incomplete reduction of metal ions [39]. These results 
are in agreement with those obtained from the XRD and those reported in the literature [31], 
[32], [48], [50].  
  
6.3.1.4 XPS Analysis  
The XPS analysis was carried out to ascertain the electronic state of the catalysts and 
support materials after the microwave–assisted polyol process. The C1s binding energy was 
calibrated to 285.0 eV for adventitious carbon for all samples. Fig. 6.5(a, b) shows the high 
resolution C1s peak XPS spectra for pristine and Pt/GO samples. While the pristine GO 
exhibits peaks corresponding to the heavy oxidation of graphite (~287 eV); the polyol-
treated Pt/GO samples show a significant reduction in the oxygen content of the sample. To 
identify the different chemical bonding states of carbon in GO, the C1s spectrum was further 
de-convoluted and curve fitted to yield six different components at 285 eV, 286.4 eV, 287.1 
eV, 288 eV, 289.5 eV, 290.6 eV, respectively, corresponding to C=C/C-C in aromatic rings 
(sp2), C-OH (hydroxyl group), C-O-C (epoxy group), C=O (carbonyl groups), OH-C=O 
(carboxylic groups) and  transition (satellite peak), respectively[32]. The significant 
variation in the atomic concentration and the ensuing C:O ratio confirms the reduction of 
pristine graphene oxide to reduced graphene oxide via the loss of oxygen moieties as 
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tabulated in Table 6.2. It can also be seen that the peak corresponding to the oxygen moieties 
reduces in intensity with a corresponding increase in the C/O ratio for Pt/GO sample (Fig. 
6.5(b)).  For other carbon support materials, due to the lack of significant oxygen functional 
groups, no major changes in the C1s envelope could be observed post-polyol processing. 
 
 
 Fig. 6.5: High resolution C1s XPS spectra of comparison of (a) Pristine GO and (b) Pt/GO samples. 
 
The Pt 4f XPS spectra show a doublet, corresponding to the spin orbital coupling 
components of Pt 4f7/2 and Pt 4f5/2 for Pt/carbon supports as shown in Fig. 6.6(a-d). To 
identify the different chemical states, the Pt 4f spectrum was further de-convoluted and 
curve fitted into three different species, Pt(0), Pt(II) and Pt(IV), corresponding to binding 
energies of 71.29 eV, 72.26 eV and 74.44 eV, respectively [32]. Their relative intensities 
are a measure of the amount of various Pt species present in the catalyst with the presence 
of higher Pt(0) content providing higher electrocatalytic activity for ORR [39]. The presence 
of metallic Pt on all carbon supports are consistently high as shown in table 6.2, with the 
Pt/MWCNTs sample having the highest amount of metallic Pt. Now, the enhanced 
oxidation levels observed for the Pt NPs can be ascribed to surface chemistry of the support. 
For GO and GNP samples, similar results have been reported in the literature where XPS 
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analysis has revealed that the polyol process has produced nanoparticles in which the metal 
ion (Mn
+) was not completely reduced to the zero-valent metal (M0) and a significant 
proportion was found bound to oxygen, possibly due to short microwave process time [39]. 
The role of surface chemistry in thus enabling the deposition of Pt nanoparticles is of utmost 
significance and is also reflected in terms of the uptake of the Pt NPs onto the support. 
Considering the various nanocarbon supports, it can be seen that the surface with the most 
oxygen groups i.e. defect sites, graphene oxide showed the highest uptake of the Pt while 
MWCNTs with the lowest amount of surface functional groups showed the smallest loading.    
 
Table 6.2: XPS Analysis: Elemental atomic concentrations of as-prepared samples element. 
Carbon Support 
Atomic Concentration (%) 
 
C  O  Pt C:O Calculated Metallic Pt(0) 
Pristine MWCNTs 99.18 0.82 – 120.95 – 
Pristine GO 75.94 24.06 – 3.15 – 
Pristine GNP 96.37 3.63 – 26.54 – 
After microwave-polyol processing 
PtCB 24.01 75.10 0.89 0.31 49.91% 
Pt/MWCNTs 98.45 0.97 0.58 1.49 46.96% 
Pt/GO 78.00 17.70 1.25 4.46 23.25% 
Pt/GNP 92.88 4.43 2.68 20.96 23.66% 
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Fig. 6.6: Comparative high resolution Pt 4f XPS spectra of (a) PtCB, (b) Pt/MWCNTs, (c) Pt/GO 
and (d) Pt/GNP samples.   
 
6.3.2 Electrochemical characterization 
6.3.2.1 ECSA values calculations and Cyclic Voltammetry 
The working electrodes were prepared as described in section 6.2. The prepared 
GCE/Pt/carbon support electrodes were transferred to the electrochemical cell containing 
0.1 M KOH electrolyte for electrochemical measurements. The electrochemical surface area 
(ECSA) values are used to determine the number of catalytically active sites that are 
available for an electrochemical reaction and hence denote the activity of the material 
towards the electrochemical reaction. The as-prepared GCE electrodes with drop-dried 
samples were first electrochemically cleaned by repeated potentiodynamic sweeps between 
+0.19 to +1.3 V at a scan rate of 250 mVs-1 in Ar protected 0.1 M KOH, until a steady 
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voltammogram scan was obtained in ~200 cycles. The cyclic voltammogram for PtCB 
electrode at a scan rate of 50 mVs-1 is shown in Fig. 6.7, with the shaded area showing the 
hydrogen adsorption/desorption area (QH) used for the calculation of ECSA using equation 
(6.2) [44], 
𝐸𝐶𝑆𝐴 = [
𝑄𝐻
210µ𝐶 𝐿𝑃𝑡 𝐴𝑔
] 105               (6.2) 
where LPt is the working electrode with total Pt loading (mgPt cm
-2), 210 (μC cm-2) is the 
charge conversion factor for full coverage for clean metallic Pt, Ag(cm
2) is the geometric 
surface area of the glassy carbon electrode (i.e. 0.196 cm2). The Pt electrochemical surface 
area “ECSA” is reported in m2/gPt to account for the different loading of the supports. The 
CV curves for all Pt-loaded carbon supports are shown in Fig. 6.8(a). All potentials were 
converted from the SCE scale into the reverse hydrogen electrode (RHE) scale for 0.1M 
KOH, as it is more common for electrochemical analysis, using the equation (6.3) [49]: 
E (RHE) = E (SCE) + 0.991 V                   (6.3) 
The ECSA values calculated for alkaline media (0.1 M KOH) are summarized in 
Table 6.3. The ECSA value for Pt/MWCNTs is comparable to that of PtCB, and is nearly 
twice of that of Pt/GO and thrice of Pt/GNP. This drastic variation of the ECSA is attributed 
to the large difference in the active Pt(0) concentration present in these support materials as 
it is Pt(0) which provides higher electrocatalytic activity for ORR [39], [47], [53], [54]. In 
Table 6.3, it can be clearly seen that ECSA value for Pt/GO is higher when compared with 
Pt/GNP, mainly due to nature of the support materials, presence of oxygen functional groups 
and also possibly electrode ink preparation method; to study at identical conditions all the 
inks were prepared in a similar manner leading to stacking and folding of the sheets to form 
multi-layered graphitic structure inorder reduces the electrochemical surface area.  
 
  
 
  160 
 
 
 
 
 
Table 6.3: Comparison of QH, ECSA @50 mVs-1 in 0.1 M KOH. 
Material QH value  (C/cm2) 
at 0.1M KOH  
ECSA (m2/g) at 
0.1M KOH  
Pt/MWCNT 3.16E-4 62.8  
Pt/GO 14.0E-4 39.2  
Pt/GNP 6.72E-5 20.0  
PtCB 2.64E-4 62.5  
 
To measure the activity of the pristine and Pt loaded carbon supports, ORR cyclic 
voltammetry measurements were carried out in O2 saturated 0.1M KOH solutions. For 
comparison, the commercially available Pt loaded carbon black (20 wt% PtCB) was 
measured using the same system. Fig. 6.8(a, b) shows the comparison of CV scans of 
pristine carbon supports and Pt loaded carbon supports, respectively, conducted in O2 
purged solutions. In the case of pristine carbon materials, the pristine MWCNTs showed the 
highest electrochemical response towards the reduction of oxygen in basic media. While the 
reason for this is still poorly understood, it could be speculated that this response can arise 
due to the interaction of carbon with residual metals impurities (during growth of 
MWCNTs) thus forming metal-carbon complex or the possible formation of defects through 
carbon restructuring or formation of radicals and dangling bonds [55]. Also the purity of 
carbon support could be a possible reason. The ORR activity of pristine MWCNTs observed 
is comparable to the reported values of N- and B-doped MWCNTs and indeed is ascribed 
mainly to the interaction of carbon with residual catalyst metal impurities forming metal-
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carbon complex, formation of radicals and dangling bonds or the possibility of defect 
formation through carbon restructuring [28], [41], [56]. 
 
 
Fig. 6.7: CV at 50 mV.s-1 in 0.1M KOH for ECSA calculation for commercial PtCB. 
 
 
 
 
 
Fig. 6.8: (a) Comparison of CV for pristine carbon supports in O2 in a 0.1 M KOH solution in 
mA/cm2, (b) Pt-loaded carbon supports in O2 in a 0.1 M KOH solution in mA/cm2, (c) Pt-loaded 
carbon supports in O2 in a 0.1 M KOH solution in A/g (normalized by the mass of Pt loading). 
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For Pt loaded samples, the CV curves (in O2 saturated 0.1 M KOH) are shown in Fig. 
6.8(b). Similar to the behaviour of pristine carbon nanomaterials, the Pt/MWCNTs samples 
exhibit the highest reduction current (~1.5 mA/cm2), better than ~1.2 mA/cm2 of the 
commercial PtCB. The reduction current decreases drastically for Pt/GNP, and is the worst 
for the Pt/GO sample. Moreover, it can be observed that the onset potential shifts towards 
positive potential for the Pt/MWCNTs owing to the higher activity. The variation of the 
reduction currents for these supports can be explained by the ECSA values of the samples 
shown in Table 6.3. The mass normalised current density CV curves of Pt loaded carbon 
supports are shown in Fig. 6.8(c), where it can be observed that Pt loaded MWCNTs exhibits 
the highest electrochemical response (100 A/g), more than double of that of the 
commercially available PtCB. As compared to PtCB, the main advantages of MWCNTs are 
that it has no micro-, nanoporosity in the structure to which the Pt nanoparticles can migrate 
to and reduce the ECSA of the electrocatalyst. Hence, the electrochemical stability is higher 
and the support provides for high corrosion resistance owing to its higher crystallinity and 
superior stability in comparison to PtCB [29][57]. The Pt/MWCNTs also performed 
significantly better than the layered structures of GO and GNPs by providing excellent 
access to the reactants i.e., oxygen due to its 1D nature which is further exacerbated by its 
good electronic conductivity and availability of the specific edge sites which can further 
contribute in the ORR reaction. On the other hand the 2D sheet structure of the GO and 
GNP limits diffusion of the oxygen to the reaction sites possibly due to the overlapping of 
the 2D sheets [34]. For the Pt/GNP samples, the strong interlayer attraction leads to the 
formation of a bulk-like structure which can impede the diffusion of oxygen thereby 
reducing the current density. Similarly for Pt/GO a similar stacking due to pi stacking of the 
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layers might have occurred, where in the deposited metallic Pt was covered by a layer of 
rGO or GNP (due to pi stacking of the layers) where Pt may not be completely exposed 
thereby suppressing its electrocatalytic activity in addition to poor metallic Pt(0) loading 
leading to a lower current densities. It can also be observed that the onset potential for 
oxygen reduction in the Pt/GO catalyst is 0.939 V followed by 0.901 V, 0.883 V and 0.873 
V respectively for PtCB, Pt/MWCNTs and Pt/GNP, respectively. Considering similar levels 
of Pt loading, these results can be attributed to the underlying microstructure of the support 
materials [34]. These results indicate that Pt/MWCNTs exhibits a higher electrocatalytic 
activity for ORR compared with PtCB, Pt/GNP and Pt/GO catalysts, which is also in 
accordance with LSV results shown in Fig. 6.9 (a). It should be pointed out that similar 
results have been reported by Liu et al. in their study [32]. 
 
6.3.2.2 Linear sweep voltammetry and “n” value calculation 
The ORR measurements were also carried out using the rotating disk electrode (RDE) 
method. The RDE measurements were performed in an O2 saturated 0.1 M KOH electrolyte 
solution at various electrode rotation speeds. The corresponding potential-current curves of 
the ORR for the pristine carbon support, Pt/carbon support and PtCB electrode are shown 
in Fig. 6.9. The background currents were recorded at 20 mV/s in Ar-saturated electrolyte 
and iR corrections were calculated and subtracted. As shown in Fig. 6.9(a), both the 
experimental and PtCB samples exhibit the typical mixed kinetic-diffusion controlled 
region from +0.64 to +0.89V and diffusion controlled region from approximately +0.19 to 
+0.59 V, respectively. While, the diffusion-limited current densities normalized to 
geometric surface area are well-defined for PtCB and are within the experimental error for 
theoretical diffusion limiting current expected for a rotation rate of 1600 rpm and room 
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temperature (5.7 mA/cm2). However, for all the samples synthesised using microwave 
polyol process, they show some degree of deviation. In fact, while the diffusion limited area 
normalised current values are much more closer to the ideal values for Pt/MWCNTs (~ 5 
mA/cm2), for Pt/GO samples, the diffusion region plateau has not developed at all and 
shows a low current density of ~2 mA/cm2, while the for the Pt/GNP samples, a current 
value of ~4 mA/cm2 is observed. Even though the Pt/GO sample shows higher ECSA values 
than the Pt/GNP sample, the lower electrical conductivity due to the presence of residual 
oxygen groups on the surface of the catalyst could account for the rather abrupt behaviour 
of the samples. It is also noteworthy that the reduction current density of ~3 mA/cm2 for the 
pristine MWCNTs electrode is comparable to the current state of the art using nitrogen 
doped (2.75 mA/cm2) and boron doped MWCNTs (~3.2 mA/cm2),[56], [58] indicating that 
MWCNTs can be directly used without further surface treatment or doping for ORR 
activities.[28], [41]  
Now, as the CNT and GO, GNP samples have different Pt loading and particle size, a 
direct comparison of ORR current densities is not entirely correct. Therefore, 
electrochemical activity of the Pt atoms at the surface of the catalysts can be calculated from 
mass activity which is obtained by normalising kinetic current Ik with the mass loading of 
the Pt catalyst, and it is 0.31 A/mg and 0.36 A/mg for Pt/MWCNts and PtCB at 0.85 V. The 
ORR current density was normalized by mass of the Pt loading of each sample (Table 2) for 
comparison with the results shown in Fig. 6.9(b), where it can be clearly seen that Pt loaded 
MWCNTs exhibits the highest electrochemical response (900 A/g) in comparison with 
commercial carbon black (510 A/g). Pt/GNP and Pt/GO have the current density of 500 A/g 
and 200 A/g respectively. The one for Pt/GNP support is comparable to that of PtCB as 
well.    
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 Fig. 6.9: (a) RDE curves in 0.1M KOH @ 20mV/s, 1600 rpm for pristine carbon support and Pt 
loaded carbon supports in mA/cm2, (b) RDE curves in 0.1M KOH @ 20mV/s, 1600 rpm for Pt 
loaded carbon supports in A/g (normalized by the mass of Pt loading). 
 
The Koutecky–Levich (K-L) equation was used to calculate the number of electron 
transferred (n) per O2 molecule, 
1
𝐼
=
1
𝐼𝐾
+
1
𝐼𝑑
=
1
𝐼𝐾
+
1
𝐵.𝜔1/2
              (3.2) 
where I is the measured current, Ik and Id are the kinetic and diffusion-limited currents, ω is 
the rotation rate in rad/sec, F is the Faraday constant (96485 C/mol), C0 is the concentration 
of O2 in the bulk solution (1.26×10
−3 mol/cm3) [59], D0 is the diffusion coefficient of O2 
(1.93×10−5 cm2/s) [59], [60], Ag is the area of the electrode in cm
2 and η denotes the 
kinematic viscosity of the solution (1.009×10-2 cm2/s). To calculate the “n” value from 
equation (6.4), the slope value “B” using the K-L plots of I1/2 vs. ω1/2 at 0.2 V is obtained, 
as shown in Fig. 6.10(a, b) [59], [60]. 
𝐵 = 0.62𝑛𝐹𝐶0𝐴𝐷0
2/3
𝜂−1/6          (3.3) 
  The obtained value of “n” is around 1.97 for pristine MWCNTs, 1.93 for pristine 
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GNP and 1.9 for pristine GO. Once loaded with Pt NPs, the n value increases to 4.2 for 
PtCB, 4.1 for Pt/MWCNTs, 3.55 for Pt/GNP, 3.41 for Pt/GO, respectively. For Pt loaded 
carbon supports, the “n” values are close to 4, indicating that ORR predominantly 
follows the four-electron (4e-) pathway, unlike the pristine carbon supports which follow 
the two-electron (2e-) pathway. For Pt/carbon supports, it has been shown by various 
groups that materials following the 4e- pathway will produce H2O as the end product via 
possible mechanisms shown in Fig. 6.11 wherein O2 can be directly reduced 
electrochemically to H2O following the dotted line pattern or to H2O2, and further to 
H2O. Previous studies suggest that most possible reduction process are carried out via 
formation of H2O2 as an intermediate product [12], [32], [45], [60]. 
 
 
Fig. 6.10: (a) K–L plot for O2 reduction in 0.1 M KOH for pure carbon supports; (b) K–L plot for 
O2 reduction in 0.1 M KOH for Pt loaded carbon supports. 
 
 
Fig. 6.11: Possible mechanism of ORR on carbon support Pt. 
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The Tafel plots are mainly used to estimate the mass transport currents at the Pt 
surface and the mechanism of ORR process. Tafel plots can be constructed by plotting the 
potential E vs. log |Jk| (=Ik/Ag) from oxygen reduction reaction calculated using Ik by 
equation (6.4).  
𝐼𝑘 =
𝐼𝐿𝑖𝑚.𝐼
(𝐼𝐿𝑖𝑚−𝐼)
              (6.4) 
The Tafel slope can be extrapolated by drawing a tangent through the points of what 
appears to be continuous curve (60 to 250 mV/decade). In this case, I have arbitrarily fitted 
the curves with two slopes: (Region I determines the pseudo 2-electron process) a lower 
Tafel slope by fitting a tangent at low potential polarisation curves (69 mV/decade ~ 90 
mV/decade), indicating that electrode surface is a mixture of Pt and PtO;[47], [53], [61]. 
(Region II determines the first electron transfer rate) a high Tafel slope by fitting a tangent 
at high potential polarisation curves (165 mV/decade ~ 265 mV/decade), indicating that 
electrode surface is pure Pt, i.e. +0.59 V< E< +0.991 V, as tabulated in Table 6.4. The 
regions in Tafel slopes indicate that Pt/PtO surface has a different mechanism from that of 
pure Pt electrode surface [47], [53], [61]. Comparable Tafel behaviour was observed in the 
present work when compared with typical bulk Pt electrode and literature [47]. It can be 
observed in Fig. 6.12 that Pt/carbon samples and PtCB show a similar pattern which 
confirms that both the materials follow a 4e- pathway, unlike the pristine carbon supports 
which show a different pattern due to the 2e- pathway.  
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Fig. 6.12: Tafel plot for various pristine, Pt loaded carbon support and Pt/C. 
    
Table 6.4: Tafel slope value in Region I and Region II. 
Sample Name Low overpotentials (60 mV/ 
Dec. ~86 mV/dec.) Region I 
High overpotentials (120 mV/ 
Dec.~ 250 mV/dec.) Region II 
PtCB 83.85 170.8 
Pt/MWCNTs 69.74 178.6 
Pt/GO 125.9 163.87 
Pt/GNP 73.84 181.14 
 
6.3.2.3 Chronoamperometry 
 
The stability of the electrode materials can be estimated by chronoamperometric 
measurement. The scans were run for 1000 sec at onset potential of about 0.85 V for all Pt 
loaded carbon support materials except Pt/GO (which was run at 0.64 V) in 0.1 M KOH 
electrolyte as shown in Fig. 6.13. The measured current densities over the time scale are 
stable and are tabulated in table 6.5 at different time intervals, with the Pt loaded carbon 
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support Pt/MWCNTs exhibiting the highest stability, indicating that these materials are 
suitable for ORR electrode application.  
 
  Table 6.5. Chronoamperometric currents measured at 100 and 1000 sec respectively. 
Carbon Support 100 sec 1000 sec 
 PtCB -6.836E-5 A.cm-2 -5.765E-5 A.cm-2 
Pt/MWCNTs -3.959 E-5 A.cm-2 -3.739 E-5 A.cm-2 
Pt/GO -4.58 E-5 A.cm-2 -3.938 E-5 A.cm-2 
Pt/GNP -6.377 E-5 A.cm-2 -4.5 E-5 A.cm-2 
 
 
Fig. 6.13: Chronoamperometric scans in 0.1 M KOH for various Pt loaded carbon supports. 
In summary, the results show that among all the pristine carbon supports, MWCNTs 
exhibit the highest electrochemical activity towards ORR which is nearly twice that of GNP 
and three times that of GO supports. While the GNP supports should ideally provide 
significant edge sites for electrochemical reactions; the stacking and folding of the sheets to 
form multi-layered graphitic structures reduces the electrochemical surface area [62]. In the 
case of graphene oxide, the presence of a variety of high oxygen contents in the form of C-
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O groups attributing to more production of hydrogen peroxide [63]. The ORR activity of 
pristine MWCNTs observed is comparable to the reported values of N- and B-doped 
MWCNTs and indeed to that of commercial PtCB is ascribed mainly to the interaction of 
carbon with residual catalyst metal impurities forming metal-carbon complex, formation of 
radicals and dangling bonds or the possibility of defect formation through carbon 
restructuring. Further loading of Pt NPs on the carbon supports, displayed a similar trend in 
which Pt/MWCNTs display the highest electrochemical activity followed by Pt/GNP and 
Pt/GO.  This can be ascribed to the amount of metallic Pt present on the carbon support.  
 
6.4 Summary 
In summary, this chapter has compared the electrochemical properties and the 
synthesis of various platinum decorated carbon supports as an electro-catalyst material for 
oxygen reduction reaction. This chapter has also investigated and compared the 
electrocatalytic activities of pristine and low loading Pt/carbon supports under identical 
conditions for ORR performance. It was observed that the Pt/MWCNTs exhibit the highest 
LSV reduction current density (~5 mA/cm2) and high electrocatalytic activity, which are 
comparable to the commercial PtCB (~5.5 mA/cm2). On the other hand, Pt/GNP and Pt/GO 
exhibit current densities of ~4 mA/cm2 and ~2 mA/cm2 respectively. For Pt/GNP samples, 
the lower current density and onset potential can be attributed to the low ECSA values 
arising from low Pt(0) content as compared with the Pt/MWCNTs samples. For Pt/GO 
samples, the low metallic Pt content is responsible for the poor ORR performance which is 
also reflected in its low ECSA value as compared to Pt/MWCNTs samples. Another 
possibility could be that the deposited metallic Pt was covered by a layer of rGO or GNP 
(due to pi stacking of the layers) where Pt may not be completely exposed thereby 
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suppressing its electrocatalytic activity. As the MWCNTs, GO and GNP samples have 
different Pt loading, a comparison based on Pt loading was carried out and Pt/MWCNTs 
exhibit the highest LSV reduction current density of 900 A/g, much larger than 510 A/g of 
PtCB, and is followed by 500 A/g and 200 A/g for Pt/GNP and Pt/GO respectively. Overall, 
we conclude that among all the carbon supports, Pt loaded MWCNTs display the best 
electrocatalytic activity and stability. It is therefore suggested that the Pt/MWCNTs should 
be given a favourable consideration in ORR for the future development of fuel cell 
technologies. 
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CHAPTER 7  Conclusions and Recommendations for Future 
Works 
 
 
7.1 Conclusions  
The work presented in this thesis, mainly explored the synthesis of nanomaterials for 
energy harvesting, renewable energy generation and its applications in piezoelectric, 
triboelectric nanogenerators and fuel cells, respectively. This chapter reviews the main 
achievements of the work, which can be summarized as following: (i) synthesis of ZnO 
nanosheets by electrochemical deposition and its detailed characterisation; (ii) fabrication 
of the PENG devices for energy harvesting; (iii) fabrication of TENG devices for energy 
harvesting; (iv) synthesis of Pt loaded carbon supports and its detailed characterisation; (v) 
a comparative study of as-obtained Pt loaded carbon nanomaterials support using 
electrochemical method for oxygen reduction reaction electrodes, to further recommend 
suitable catalyst material for fuel cell applications.  
The synthesis of ZnO nanostructures has been realised on various substrates such as 
Al, Cu and ITO using low-temperature electrochemical deposition method. The chemical 
concentration was analysed to ascertain suitable chemical concentrations. 0.025M 
equimolar solution of HMTA and Zinc nitrate hexahydrate was observed to be the ideal 
precursor to grow ZnO nanosheets with a preferred normal (0002) crystal orientation to the 
underlying substrate. The samples thus obtained possessed a high density of ZnO 
nanosheets with a honeycomb-structure like network, suitable for the fabrication of high 
performance energy harvesting devices. Accordingly, the TEM, XRD and XPS results, 
confirmed the high quality ZnO nanosheets. In addition to the ZnO nanosheet growth, an 
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additional plane of ZnO_Al.LDH with LDH layer between ZnO nanosheet and Al substrate 
was also confirmed through XRD (2θ peaks at 10.01o, 20.01o and 33.86o, corresponding to 
(003), (006) and (012) planes of the LDH). This LDH layer is highly beneficial for 
piezoelectric charge generation, thus providing additional merit to the material system. 
The ZnO nanosheets were then further studied and analysed for their piezoelectric behaviour 
and its application as a PENG device.  The piezoelectric strain coefficient, d33 measured 
using PFM was ~ -41 pmV-1 which is much higher than that of bulk ZnO (9.93 pm V-1) and 
other ZnO nanostructures (ZnO nanobelts ~26.7 pmV-1). The assembled PENG device was 
tested at various applied force and operating frequency values. At typical 80 N applied force 
and a constant 5 Hz working frequency, a maximum Voc of ~0.7 V and short circuit current 
density, JSC of ~0.50 mA/m2 was obtained as measured via the test setup comprising of a 
fatigue tester in conjunction with a Tektronix MDO3022 oscilloscope and a Keysight 
B2981A picoammeter. It can be clearly evident that the output potentials and currents were 
significantly low using PENG, hence the efforts were undertaken to enhance the power 
output using a new mechanism of TENG.  
The ZnO nanosheets were utilised further as a charge injection layer to enhance the 
power output in triboelectric nanogenerators. The TENG devices were fabricated using 
phase inversion membranes of ZnSnO3-PVDF blends, as tribo-negative layer, with the 
piezoelectric ZnO nanosheets as an interfacial layer, and the polyamide-6 as the tribo-
positive layer, respectively. With the use of ZnO nanosheet charge injection layer, the 
performance enhancement in the TENG device was observed to be significant (~ 50% more 
in terms of output potential and ~ 75% more in terms of current densities). For the device 
with the ZnO charge injection layer, the open circuit VOC and short circuit current density 
JSC values increased from 310 V and 10 mA/m
2 (charge density of 77.45 μCm-2), 
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respectively to ~625 V and 40 mA/m2 (charge density of 100.66 μCm-2), respectively, as 
compared to a pristine ZnSnO3-PVDF membrane . This was attributed to stress-induced 
polarisation effect from the ZnSnO3-PVDF/ZnO structure. The well-aligned ZnO 
nanosheets not only enhance the effective surface area, but also lead to preferential 
polarisation growth direction of dipoles, further improving the piezoelectric coefficient up 
to -74 pm V-1 as compared to -50 pmV-1 of the pristine PVDF membranes. For tribo-
negative membranes incorporating the interfacial ZnO layer, piezoelectric force microscopy 
measurements further showed enhanced domain size which can be attributed to the 
interfacial dipole-dipole interaction with the ferroelectric polarization of PVDF, which 
promotes the alignment with the polar axis of ZnO.  Under compressive stress, the 
piezoelectric potential thus produced in the ZnO nanosheets provides charge injection on to 
the surface of ZnSnO3-PVDF membrane, improving the charge density to ~100.66 µC/m
2 
from a value of 77.45 µC/m2 (without interfacial ZnO nanosheet layer). This in-turn 
significantly enhances the power density from 0.11 to ~1.8 W/m2. The facile synthesis of 
ZnO nanosheets alongside the simple phase inversion technique provides an easy route to 
couple piezoelectric and triboelectric mechanisms to yield high-performance TENG 
devices. Although, relying on the mechanical force input, both the PENG and TENG can 
produce energy in by non-continuous manner. As the device fabrication process is 
inexpensive and operation simple, these PENG, TENG devices can become an excellent 
candidate for self-powered electronic systems.  
The electrochemical performance of pristine carbon supports, including graphene 
nanoplatelets, graphene oxide and multi-walled carbon nanotubes, for catalysing oxygen 
reduction reaction in an alkaline media (0.1M KOH) was studied. The reduction potential 
and the peak current densities for these materials obtained followed the order of MWCNTs 
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(3 mA/cm2)>GNP (~ 1.5mA/cm2)>GO (~ 1.0 mA/cm2). The pristine MWCNTs exhibited a 
peak current density of about 3 mA/cm2, comparable to that of N- and B-doped MWCNTs.      
The lower current densities and the onset potential in the pristine carbon supports 
promoted in addition low Pt nanoparticles loading on these carbon supports using 
microwave-assisted rapid heating polyol method was implemented. The synthesis of high 
quality Pt nanoparticles on the aforementioned carbon supports was confirmed and 
characterised by techniques such as TEM, XPS and XRD. The Pt loaded carbon supports 
were further studied to ascertain their electrochemical response towards ORR in an alkaline 
media (0.1M KOH) under identical experimental conditions, which provides useful 
information regarding the electrochemical performance of these different types of carbon 
support as a suitable candidate for fuel cell application. The results exhibited that the 
Pt/MWCNTs exhibit the highest LSV reduction current density (~5 mA/cm2) along with a 
high electrocatalytic activity (62.8 m2/g), comparable to the commercial PtCB (~5.5 
mA/cm2). But, both Pt/GNP and Pt/GO exhibit much lower current densities of ~4 mA/cm2 
and ~2 mA/cm2, respectively. For Pt/GNP samples, the lower current density and onset 
potential can be attributed to the low ECSA values (20 m2/g) arising from low Pt(0) content 
(23.66%)  as compared with the Pt/MWCNTs samples. For Pt/GO samples, the low metallic 
Pt content (23.25%) is accountable for the poor ORR performance which is also reflected 
in its low ECSA value (39.2 m2/g) as compared to Pt/MWCNTs samples. Another 
possibility could be that the deposited metallic Pt was covered by a layer of rGO or GNP 
(layered structure owing to the pi-pi interactions) where Pt may not be exposed to the 
analyte completely, hence suppressing its electrocatalytic activity. As the MWCNTs, GO 
and GNP samples had different Pt loading, a further (and more apt) comparison based on Pt 
loading was carried out with the Pt/MWCNTs exhibiting the highest LSV reduction current 
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density of 900 A/g, much larger than 510 A/g of PtCB, and is followed by 500 A/g and 200 
A/g for Pt/GNP and Pt/GO, respectively. Overall, we conclude that among all the carbon 
supports, Pt loaded MWCNTs display the best electrocatalytic activity and stability. It is 
therefore suggested that the Pt/MWCNTs should be given a favourable consideration in 
ORR for the future development of fuel cell technologies. 
 
7.2   Key contribution to knowledge: 
 The seedless synthesis of ZnO nanostructures has been realised on various substrates 
such as Al, Cu and ITO using low-temperature electrochemical deposition method.  
 The piezoelectric strain coefficient, d33 measured using PFM was ~ -41 pmV-1. 
 The assembled PENG device generated a maximum Voc of ~0.7 V and short circuit 
current density, JSC of ~0.50 mA/m
2 at typical 80 N applied cyclic force and a 
constant 5 Hz working frequency.  
 The ZnO nanosheets were utilised further as a charge injection layer to enhance the 
power output in triboelectric nanogenerators. 
 The device with the ZnO charge injection layer, the open circuit VOC and short 
circuit current density JSC values respectively to ~ 625 V and 40 mA/m
2 (charge 
density of 100.66 μCm-2). 
 The well-aligned ZnO nanosheets not only enhance the effective surface area, but 
also lead to preferential polarisation growth direction of dipoles, further improving 
the piezoelectric coefficient up to -74 pm V-1. Which in-turn significantly enhances 
the power density from 0.11 to ~1.8 W/m2 
 The reduction potential and the peak current densities for these materials obtained 
followed the order of MWCNTs (3 mA/cm2)>GNP (~ 1.5mA/cm2)>GO (~ 1.0 
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mA/cm2). The pristine MWCNTs exhibited a peak current density of about 3 
mA/cm2, comparable to that of N- and B-doped MWCNTs.      
 The synthesis of high quality Pt nanoparticles on the aforementioned carbon 
supports. These were further studied to ascertain their electrochemical response 
towards ORR in an alkaline media under identical experimental conditions, which 
provides useful information regarding the electrochemical performance of these 
different types of carbon support as a suitable candidate for fuel cell application.  
 The Pt/MWCNTs results exhibited the highest LSV reduction current density (~5 
mA/cm2) along with a high electrocatalytic activity (62.8 m2/g). 
 
 
7.3 Recommendations for future work 
The present work has mainly concentrated on the synthesis of ZnO (electrochemical 
deposition) and Pt nanomaterials (microwave-assisted polyol method on carbon supports) 
by facile methods and exploration of their applications as PENG, TENG and ORR electrode, 
respectively. The recommendations for the future work include: 
1. To use the as-obtained ZnO nanosheets and disperse into PDMS to fabricate a 
flexible PENG. However, this would require free standing ZnO nanosheets for 
dispersion or the ways to synthesis them without the substrate [1].     
2. To use different top electrodes with high positive triboelectric material properties or 
to replace the ZnSnO3/PVDF blends with other materials such as to PDMS and so 
on to improve the performance of the TENG device [2], [3].  
3. A design of real time test application is necessary to demonstrate the performances 
of PENG and TENG as a direct energy harvesting power source.  
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4. The MWCNTs exhibited excellent response towards ORR in a homemade single 
cell electrochemical testing. It would be interesting to study the Pt/MWCNTs based 
in a real-time fuel cell setup as a membrane electrode assembly. 
5. Replacing precious Pt metal with some metal oxide and metal alloys to enhance 
the electrochemical activity for ORR and reduce the production cost [4], [5]. 
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